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ABSTRACT 
CHLOROTHALONIL BINDING TO DISSOLVED HUMIC SUBSTANCES 
ISOLATED FROM A MASSACHUSETTS CRANBERRY BOG 
MAY 1995 
ERIC SCOTT WINKLER, B.S. UNIVERSITY OF VERMONT 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
M.P.H., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Peter L. M. Veneman 
The fungicide chlorothalonil (1,3-tetrachloroisophthalonitriIe) is widely used in cranberry 
production in Massachusetts. Its partition constant, KD0C, with aquatic humic substances isolated 
from cranberry bog water was assessed in this study. Elemental analysis of humic substances 
indicated differences in C, H, N, and O that were consistent with published elemental ratios of 
aquatic humic substances. Infrared spectra were also similar with respect to C=0 stretching of 
carboxyl and ketonic groups and showed evidence of aromatic C=C stretching. Ultrafiltration of 
humic acids showed 53% greater than 10,000 molecular weight cut off (MWCO). The fulvic acid 
fraction had 71% less than 10,000 MWCO. UV absorbance ratios at 400 and 254 nm were 0.23 and 
0.16 for humic and fulvic acid, respectively indicating a more aromatic structure than Aldrich humic 
acid from soil. Base titration showed a charge at pH 8 of 7.5 and 13 meq g-C'1 for humic and fulvic 
acid, respectively. Measurements of the TCIN Henry's constant were made using gas-purge 
techniques. The value obtained, 5x10'5 kPa m3 mol'1 (s=1.7xl0'5, n=4), was consistent with 
calculated values from solubility and vapor pressure. Log KDOC values for fulvic and humic acid 
measured using gas-purge techniques were 4.3 (s=0.6) and 4.5 (s=0.8), respectively. These values 
vi 
were greater than reported KoC values by as much as 1.5 orders of magnitude, suggesting that KoC 
values may underestimate TCIN solubility enhancement in cranberry bog water. TCIN binding to 
aquatic humic substances corresponds to increased solubility in aqueous systems and potentially 
toxic levels in the presence of sorbent. Solubility in water, based on the measured KDOC values, 
could increase by 200% with waters containing 35 mg l*1 DOC. Measured DOC of cranberry bog 
waters was in the 1 to 30 mg l'1 range. 
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CHAPTER 1 
GENERAL INTRODUCTION 
1.1 Background 
Although cranberry production is not widespread throughout the Northeast region, locally, 
particularly in New Jersey and Massachusetts, it may have a significant impact on water quality. 
In Plymouth County in southeastern Massachusetts, cranberry bogs account for nearly 22% of the 
surface waters. In these areas, ground and surface water often serve as public and private drinking 
water supply, hence cranberry production's cultural practices including pesticide use are under close 
scrutiny by the general public and regulatory officials. The cranberry industry relies heavily on 
pesticides (personal communication, J. Davenport, Ocean Spray, 1991), including: Chlorothalonil 
(Bravo®) , Chlorpyrifos (Lorsban®), Diazinon®, Frangulin (Cascerin®), Napropimide 
(Devemol®), and Simazine (Princep®). 
Cranberries are grown in organic soils and mineral soils. In both practices, drainage ditches 
surrounding planted fields maintain a constant water level 30 to 40 cm below the soil surface. In 
Massachusetts, cranberry bogs are sanded every 4-5 years, to encourage new growth and control 
weed plants, resulting in layered soils with bands of medium to coarse sand 3-4 cm thick with about 
5% OM separated by peat layers of variable thickness. Continuous non-stratified well decomposed 
peat starts at about 40 cm. Hydraulic processes in these layered cranberry soils are not well 
understood (personal communication G. Paige, University of Massachusetts, 1991). 
Agricultural practices in cranberry production require large amounts of water for irrigation, 
fertigation, chemigation, and flooding for harvest. Spray drift, unstable flow, runoff and discharge 
’Common chemical names are followed by trademark names in brackets. 
1 
of contaminated water after harvests are potential pathways for surface an ground water pollution. 
Information regarding the chemical, physical and biological interactions of pesticides in cranberry 
bog soils is limited (personal communication, J. Davenport, Ocean Spray). In addition, data on the 
major pesticides used in cranberry production are not available or are not relevant when taken from 
other agricultural practices, for example rice production (Deubert and Kaczmarek, 1989). 
Pollution to surface waters from TCIN (2,4,5,6-tetrachloroisophthalonitrile) used in 
cranberry production has been reported by Winnett et al. (1990a), and identified as a threat by 
Reduker et al. (1988). Trace levels of the fungicide TCIN, in the parts per billion range, have been 
observed in surface waters in Massachusetts cranberry bogs. Fish and frog kills were evident in bog 
trenches within 24 hours after application of TCIN (personal communication K. Deubert, University 
of Massachusetts, 1991). This is attributable to its low lethal concentration for 50% death rate LC50 
(0.25 to 0.4 mg l'1) for fish and amphibians. Mammalian tests showed TCIN not to be a serious 
threat with a lethal dose for 50% death rate LD50 greater than 10 g kg'1 in male dogs and 5 g kg'1 in 
female dogs. However, TCIN is reported to be carcinogenic in rats (National Cancer Institute, 1978). 
Two formulations of TCIN are used in Massachusetts cranberry bogs: Bravo 500 and 720. 
They are liquid emulsions with 40.4% and 54% active ingredient, respectively. Three applications 
per year at rates of 6-10 and 4-7 pints (Bravo 500 and 720, respectively) in 300 to 600 gallons water 
per acre are recommended (Chemical and Pharmaceutical Press, 1988). Total annual application 
rates range from 3 to 6 liters of active ingredient per acre. Research done at the University of 
Massachusetts Cranberry Station (Wareham, MA) suggests that groundwater pollution as a result 
of vertical migration of pollutants is not significant. Tracer studies using intact soil monoliths from 
a Massachusetts cranberry bog confirmed that vertical movement of non-polar compounds was not 
a likely transport pathway at recommended application rates (see Appendix). It is hypothesized that 
pollution to surface waters around cranberry bogs may result from spray drift. Research on aerial 
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application of parathion to cranberry bogs reported drift of vapor phase residues up to 200 m from 
the target site (Clark et al., 1993). 
While subsurface transport of TCIN appears limited, it may be facilitated through enhanced 
solubility by a range of dissolved organic acids, colloidal hydrophobic compounds and suspended 
sediments present in bog water. Solubility enhancement of organic pollutants and pesticides has 
been studied by several investigators (Chiou et al., 1986; Chiou et al., 1987; Isnard and Lambert, 
1988; Hassett and Anderson, 1979; and Kim and Saleh, 1990). Numerous studies have been 
reported regarding binding of non-polar organics to soil and water humic materials (Brusseau et al., 
1990; Carter and Suffet, 1983; Hassett and Milicic, 1985; Kile et al., 1989; Landrum et al., 1984; 
McCarthy and Jimenez, 1985; Means et al., 1980; and Melcer et al., 1987). Dissolved organic 
carbon (DOC) and suspended sediments increase solubility. These studies also suggest that these 
binding materials are extremely heterogenous, limiting the use of model sorbents for predicting 
binding and possible subsurface transport. 
Several investigators have studied the fate of TCIN in cranberry culture (Deubert and 
Kaczmarek, 1989; Reduker et al., 1988; Winnett et al., 1990a). Retention and movement of non¬ 
polar compounds such as parathion and TCIN also were investigated by Winnett et al. (1990b) and 
Ferris and Lichtenstein (1980). Winnett et al. (1990b) could not correlate concentrations of pesticide 
residues in the soil with those found in surface or groundwaters. Their results suggest that the 
pesticide movement in cranberry bogs is poorly understood. 
Data produced using batch isotherm techniques in support of the registration of TCIN show 
significant variability in Koc with percent organic matter and particle size distribution (Table 1.1) 
(personal communication, J. French, ISK Biotech Corp., 1993). These data suggest that K^ can 
vary as much as an order of magnitude in different soil textural classes with similar organic matter 
and organic carbon contents. When contrasting the silt with the silty clay loam one may conclude 
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Table 1.1. Kd and for chlorothalonil partitioned with different soil types*. 
Soil Type % Organic Matter %OC Kd 
Silt 0.7 0.4 57 14000 
Silty clay loam 3.2 1.84 61 3300 
Sandy loam 3.2 1.84 24 1300 
Sand 0.6 0.34 5.5 1600 
*(Unpublished data, personal communication J. French, ISK Biotech Corp., 1993). 
that the presence of silt may be responsible for significant amounts of binding. However, silt sized 
particles should offer little in the way of binding sites, leading to the conclusion that these data are 
inconsistent. Other factors clearly affect the KqC value. 
Sorption processes with organic acids, clay minerals, and sediments are important to predict 
the fate of organic pollutants in aquatic and soil systems. Research with humic and fulvic acids 
suggests that there is significant variability in binding, depending on the properties of the reactant 
and characteristics of the material. The aqueous solubility of TCIN is approximately 1 mg l'1 and 
would be expected to have a strong binding potential based on its low aqueous solubility (0.9 to 1.2 
mg I1)- 
Sorption coefficients for ionic and nonionic pesticides in soils can be related to organic 
carbon concentrations through the soil water partition coefficient, Kd, where Cb is the concentration 
bound and Caq is the aqueous concentration. This expression may be used to derive KoC where 
"fraction OC" is the organic carbon content of the soil. As the ratio of the bound to the aqueous 
4 
(1.2) 
fraction OC 
phase increases relative to the organic carbon content, the sorption coefficient increases. A high 
therefore suggests strong binding to the soil solid phase and therefore limited mobility of the 
compound through the soil. A direct relationship exists between the octanol/water partition 
coefficient (KqW) and K^, allowing estimates of Koc from a knowledge of Kow (Stevenson, 1982). 
However, caution must be used when making these estimates because exceptions are common 
(Stevenson, 1982). 
Mechanisms responsible for binding potential are not apparent in the KoC value, but are 
based on many variables associated with the characteristics of the pesticide and the soil, including 
soil organic matter and clay content. Because organic matter and clay colloids are strongly 
associated, it is difficult to distinguish individual effects on pesticide adsorption (Stevenson, 1982). 
The contribution of clays to adsorption appears to be less when organic matter content is greater than 
8% and where 1:1 kaolinitic silicate clays are present. A detailed discussion of the interactions of 
pesticides with organic matter is presented in Schnitzer and Khan (1978) and Stevenson (1982). 
Some of the pesticide characteristics involved in partitioning with organic matter are structure, water 
solubility, polarity, and charge distribution of ionic species. Functionality, degree of saturation, 
position and nature of substituting groups all affect partitioning with organic matter. Six 
mechanisms of adsorption to organic matter include weak Van der Waals forces, hydrophobic 
bonding of nonpolar pesticides, hydrogen bonding of dipole-dipole groups, charge transfer or shared 
electrons, ion-exchange, and ligand exchange. Adsorption of ionic and nonionic pesticides were 
reported to increase with organic matter content (Schnitzer and Khan, 1978 and Sparks, 1989). They 
suggest that charge distribution of pesticides may be the most important characteristic governing 
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adsorption. The organic fraction also has potential for nonbiological degradation of pesticides 
through oxidation, reduction, hydrolysis, or incorporation into newly forming humic substances 
(Schnitzer and Khan, 1978). 
Pesticide movement in soils has been examined using computer modeling methods (Rao et 
al., 1979; Selim et al., 1979; Carsel et al.,1985; Rao and Wagenet, 1985; Wagenet and Rao, 1985; 
Elabd et al., 1986; Rao et al., 1986; Wagenet and Hutson, 1986: and Boesten and van der Linden, 
1991). A disadvantage to currently available models is the assumption that partitioning is 
predominantly in the aqueous/solid phase. Caron and Suffet (1989) describe nonpolar pollutant 
partitioning in aquatic systems as interactions with the overlying water column, dissolved organic 
carbon in the water column, pore water, dissolved organic carbon in pore water, and sediment 
particles with their "coating" of organic carbon. Partition characteristics of pollutants therefore can 
be described by liquid/solid and liquid/liquid interactions. In cranberry systems, the basis for 
describing pollutant behavior needs to include descriptions of several interactions not limited to soil 
partitioning. If the TCIN becomes bound to dissolved organic matter, parameter estimates may 
be insufficient to model the fate of TCIN. 
1.2 Hypothesis and Objectives 
Prediction of pesticide behavior in cranberry bogs is complicated because of differences in 
management practices and because the behavior of nonpolar pollutants in aquatic systems rich in 
dissolved organic carbon is poorly understood. TCIN was chosen for this study because of its 
significance to the cranberry industry, the fact that some impact on water quality has been reported, 
and because of concern by regulatory officials. The results of this research will allow improved 
assessment of the potential fate of chlorothalonil in systems having varied dissolved organic carbon 
(DOC) fractions. 
6 
For this study it was hypothesized that increased concentrations of TCIN in waters around 
cranberry bogs results from enhanced solubility due to TCIN-humic substance interactions. It was 
believed that solubility in the aqueous phase may be underestimated from and values 
available from the literature, and that K^ is a better predictor of solubility. Additionally, 
application of values obtained w ith the strong hydrophobic acid fraction of humic substances 
may indicate as much as a doubling of solubility in w aters surrounding cranberry bogs. The binding 
processes are believed to be rapid and dominated by weak hydrophobic interactions or partitioning. 
This conclusion may be drawn from the notion that interactions with dissolved organic acids is 
predominantly a surface phenomenon, and that diffusion forces are not implicated. Furthermore, 
if binding to the dissolved fraction is a surface reaction it is not expected to follow a two-stage 
desorption rate as observed with soils and sediments. This work will identify the importance of 
DOC to enhanced solubility' of TCIN in cranberry' bog systems. The results of this work may 
provide a more appropriate estimate for prediction of TCIN interactions in cranberry bog systems. 
It may also explain higher concentrations of TCIN in surface waters around cranberry bogs. 
Most studies reporting Koc values are based on soil systems. The composition of organic 
matter in aquatic systems can be expected to be significantly different from terrestrial systems 
(Chiou et al., 1987). Fractionation of humic substances from cranberry bog water should be 
expected to yield fulvic and humic acids more polar in nature than their terrestrial counterparts. The 
fractionation procedure used in this study favored the strong hydrophobic fractions from the aquatic 
source. The resulting material was expected to be different than those same fractions removed from 
terrestrial environments. In part, this is due to the methodology. More importantly, the dissolved 
organic fractions are operationally more polar than their soil counterparts. In addition, the 
value, with the strongly hydrophobic fraction, w ill be more conservative than a Kqqc value. This 
includes more polar fractions typically present in riverine systems. A different interpretation of 
7 
binding potential is presented. This interpretation contrasts a variety of whole soil partition studies, 
which includes binding to the strong hydrophobic organic fractions. The binding studies herein are 
expected to demonstrate differences between Koc and values and will provide better estimates 
for predicting TCIN solubility in aqueous systems. 
The objectives of this work were (i) to assess the variability in DOC concentrations between 
several cranberry bogs located in southeastern Massachusetts, (ii) to purify preparative quantities 
of the strong hydrophobic acid fraction of humic substances for use in binding studies, (iii) to 
chemically characterize these acids, (iv) to quantify the value for TCIN with the strong 
hydrophobic humic and fulvic acid fractions, and (v) to identify possible mechanisms of desorption 
and compare these to non-polar pollutant interactions in soils and sediments. 
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CHAPTER 2 
ISOLATION AND CHARACTERIZATION OF ACIDS 
2.1 Summary' 
Humic and fulvic acids are hydrophobic at low pH and may bind with nonpolar organic 
contaminants. It was necessary' to isolate and purify gram quantities of these acid fractions to be 
used in partition studies. Isolation, purification and characterization were performed using 
published methods. In this chapter results from the following three studies are presented: (i) a field 
survey of natural levels of DOC in several active cranberry bogs; (ii) an isolation and purification 
system for collecting humic and fulvic acids derived from cranberry bog systems; and (iii) the 
characterization of humic and fulvic acids using classical chemical and physical methods. 
Dissolved organic carbon concentrations measured in five bogs ranged from 0.72 to 29.8 
mg l1. Considerable variability in DOC concentration was observed resulting from differences in 
age, parent material, and landform of individual bogs. 
Fulvic and humic acids were isolated from bog water obtained from Dodge Bog located in 
Harwich, Massachusetts, using membrane filtration followed by column adsorption. Humic acid 
(660 mg) and 1967 mg fulvic acid w ere obtained, representing roughly 25% of the total DOC. The 
acids were characterized using elemental analysis, infrared and ultra-violet spectroscopy, 
ultrafiltration, and base titration. Differences in elemental composition (C, H, N, and O) between 
humic and fulvic acid fractions were typical for aquatic materials. The fulvic acid oxygen content 
was similar to the oxygen content of the humic fraction. In soil humic materials the fulvic acid 
oxygen content is typically larger. The oxygen content may be an indication of age as well as 
solubility. Results from ultrafiltration showed typical molecular weight distributions, where 
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fractions greater than 10,000 molecular weight cut off (MWCO) were 53% and 29% in the humic 
and fulvic acid fractions, respectively, and 20% and 32% less than 1,000 MWCO, respectively . IR 
and UV spectroscopy of the acid fractions produced results typical of aquatic humic materials. 
2.2 Introduction 
Variability in the organic matter fraction affects binding of organic compounds to aquatic 
and terrestrial organic matter (Matsuda and Schnitzer, 1971; Hassett and Anderson, 1979; Zepp et 
al., 1981; Carter and Suffet, 1982, 1983; Hassett and Milicic, 1985; Chiou et al., 1986, 1987; Melcer 
et al., 1987). A number of studies described differential partitioning of organic compounds with 
humic substances (Carter and Suffet, 1982; Caron and Suffet, 1989). These acids are highly sorptive 
and are different from each other in terms of the fraction of reactive and charged functional groups. 
Standard commercial and regional humic substances were used in these studies. 
In this study, humic substances were isolated from an active cranberry bog. Malcolm et al. 
(1989) reported 5 and 33 mg l*1 humic and fulvic acid, respectively, from Suwannee River water 
where DOC ranged from 35 to 50 mg l'1. Reckhow et al. (1992) filtered 300 liters of pond water 
from Forge Pond in Granby Massachusetts yielding approximately 6 mg l'1 DOC. Yield of DOC 
from their extraction method (after Leenheer and Noyes, 1984) was 99%. They reported recoveries 
of 7.1% and 38% of total C for the strong hydrophobic acid fractions, and the combined humic and 
fulvic acid fractions, respectively. 
2.3 Field Survey Methodology 
Humic substances in preparative quantities were obtained from a representative cranberry 
bog in Massachusetts. Prior to implementing a large scale concentration and purification process, 
a field survey was conducted in eastern Massachusetts during the spring of 1992, to assess the levels 
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of dissolved organic carbon in "typical" cranberry bog trench waters. Five active cranberry bogs 
on Cape Cod, in Barnstable County, were identified as having darker than average trench water. 
The bogs were owned and operated privately by cooperators of Ocean Spray, Inc. The names of the 
bogs and their locations are listed in Table 2.1. 
Table 2.1. Name and location of cranberry bogs. 
Name Location Owner 
Bacus River Cataumet, MA Handy Trust 
Farley Bog Cataumet, MA Handy Trust 
Great Swamp Harwich, MA J. Saukes 
Dodge Bog Harwich, MA J. Saukes 
Bayside North Dennis, MA D. Emory 
Water samples were taken at locations where large scale water removal would be feasible. 
These areas generally were at outlets of the bog to major bodies of water. Samples collected from 
two bogs, Farley Bog and Dodge Bog, were taken at two locations noted Upper and Lower. Samples 
from Bacus River and Bayside, both kettle bogs, were taken from shallow ditches which ran dry 
towards the end of the summer. Dodge Bog was sampled at two different depths at the outlet of the 
bog. A concrete spillway at the outlet made sampling easy. One liter amber bottles, acid washed 
and rinsed with distilled deionized water, were submerged approximately 15 cm below the water 
surface. Sample pH was measured with pH paper (pHydrion, Micro Essential Laboratory, NY), and 
the entire sample was acidified to pH 3 using concentrated H2S04 (32N). Samples were transported 
back to the laboratory in an ice-filled chest, then stored at 4°C until pretreatment and DOC analysis. 
Approximately 200 ml of sample was filtered through a 0.45-pm glass fiber filter (Gelman, Supor 
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450, Gelman Inst. Co., Chelsea MI) in a stainless steel 47-mm pressure filter operated at 413 kPa 
(Gelman Inst. Co. Chelsea, MI). Filters were prerinsed with 200-ml distilled deionized water to 
remove wetting agents on the filter. A 30-ml aliquot of sample filtrate was removed and acidified 
to less than pH 2 with concentrated H2S04. Samples were purged with prepurified N2 to remove 
volatile inorganic carbon and analyzed by the UV-Persulfate method (APHA, 1993) using a TOC 
analyzer (Dohrman DC-80). A reagent blank was also carried through pretreatment and analysis. 
2.4 Fractionation of Dissolved Organic Carbon 
2.4.1 Sample Collection 
Water for humic substance isolation and purification was collected from Dodge Bog in 
Harwich Massachusetts because of its DOC concentration, 14 to 19 mg l*1, and accessibility. Water 
was removed from a concrete irrigation spillway at the end of a dirt access road. Water flows out 
of (or into during irrigation) the bog through a 3-foot diameter culvert positioned just above the 
spillway. Between the culvert and the spillway is a 25-foot ditch, 4-5 foot in depth and 4 feet wide 
where water collects before leaving the bog. The level of water in the bog is controlled at this point 
with wooden planks stacked in a slot on the upper side of the spillway at the end of the ditch. Water 
was pumped from the ditch on the bog side of the spillway using a 3-HP suction pump capable of 
140 gallons per minute (Homelite Textron, Charlotte, NC). The pump was fitted with black PVC 
wettable parts and tubing. Prior to sampling, the wettable part of the pump housing was dismantled 
and washed with soap and water to remove any residual debris. The pump was reassembled, 
sampling tubing connected and rinsed with approximately 400 gallons of tap water. During 
sampling the inlet pipe with particulate screen of the pump was set at 45 cm below the water surface 
at the bog, and the pump was operated for 1 - 2 minutes to prime and rinse the pump. It was noted 
that pumping did not change the water level significantly. Water was collected in 12 high density 
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polyethylene (HDPE) carboys with a capacity of 57 liter each. The HDPE carboys had been acid 
washed and rinsed with distilled deionized water. Sampling was rapid and all 12 carboys were filled 
in less than 10 minutes. The carboys were transported back to the laboratory, approximately 150 
miles, and placed in cold storage at 4°C until they could be filtered. 
2.4.2 Sample Filtration 
Bog water was filtered continuously over the next six days to remove solid materials using 
the pressure filtration technique described by Malcolm et al. (1989). A 9-liter pressure vessel was 
constructed from a stainless steel fire extinguisher (Figure 2.1). The outlet of the fire extinguisher 
was fitted with an inlet valve which could be connected to a gas line containing prepurified nitrogen 
and an outlet valve which sent water to a pressure filter or could purge the vessel. The pressure 
vessel was filled using a small centrifugal pump fitted with HDPE tubing and wettable parts (Flotec, 
Delavan, WI) and pressurized to 760 kPa. Pressure loss during filtration was observed to decrease 
minimally. A 142-mm stainless steel pressure filter (Millipore Corporation, Bedford, MA) was 
operated using three different glass fiber filters followed by a 0.45-pm vinyl low water extractable 
filter (HATF 14250) (Millipore Corporation, Bedford, MA). Glass fiber prefilter pore sizes were 
2.7 pm, 1.5 pm, and 0.7 pm (Whatman GF/D, 934AH, and GF/C, respectively) (Whatman 
International Ltd, Maidstone, England). Prefilters and the vinyl filter were triton free and rated low 
extractable filters. Filtered water was collected in 18-L glass carboys, and acidified with 
concentrated H2S04 to pH 2. Measurements of pH were made with a combination electrode (Fisher 
Scientific, Springfield, NJ). Filtered water was stored at 4°C until further purification. 
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Figure 2.1. Pressure filtration apparatus showing pressure vessel, nitrogen 
tank, pressure filter, and collection vessel. 
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2.4.3 Acid Isolation and Purification 
Isolation and purification of humic materials was performed using a modified Malcolm et 
al. (1989) method. Filtered water was applied to a 500-ml glass column (2.5-cm diameter by 100 
cm length) (Spectrum Inc., Los Angeles, CA) fitted with column bed adjusters and teflon end caps 
(Figure 2.2.). Teflon tubing was attached to the inlet and outlet of the column. Water was pumped 
through the column using a Masterflex peristaltic pump (Cole Parmer, Niles, IL) and C-Flex pump 
tubing (Cole Parmer, Niles, IL) at approximately 10 bed volumes per hour. The column was filled 
with 380 ml (one bed volume) of XAD-8 resin (Alltech, Inc., Deerfield, IL), a slightly polar 
uncharged resin. Prior to use, the resin was cleaned of unpolymerized material by soxhlet extraction 
with methanol and diethyl ether followed by methanol. Absorbed humic substances were back 
eluted from the column with 3 void volumes of 0.1 N NaOH at less than 1.75 bed volumes per hour 
using a peristaltic pump (Ranin Instrument Co. Inc., Woburn, MA) with viton tubing. Column 
eluent was acidified to pH 1.8 with concentrated HC1 (12 N) and chilled to 4°C overnight. 
Applications of filtered water to the column were repeated after rinsing with distilled deionized 
water produced an eluent with a conductivity less than 10 pS cm'1 measured with a conductivity 
electrode (Fisher Scientific, Springfield, NJ). 
Precipitated humic acid in the column eluent was removed by centrifugation leaving fulvic 
acid in solution. The humic acid precipitate was desalted by rinsing the precipitate several times 
with distilled deionized water to remove chlorides. Further reduction of salts in the humic acid was 
performed by hydrogen saturation using a H-saturated cation exchange resin (Amberlite IR120-P, 
Supelco Inc, Bellefonte, PA). The resin was cleaned with methanol by soxhlet extraction. The resin 
was hydrogen saturated with 2N HC1 after packing the column and washed with distilled deionized 
water until the conductance was less than 5pS cm'1. The Na-humate was redissolved in 0.1 N NaOH 
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and pumped through a 125-ml glass column (Fisher Porter, Vineland, NJ) containing the resin, using 
a peristaltic pump. 
The fulvic acid fraction resulting from the centrifugation step described previously was 
acidified to pH 1.0 and pumped onto a 250-ml glass column containing XAD-8 until the observed 
color of sorbed fulvic acids was one-third up the column. Two bed volumes of distilled deionized 
water were applied to the column to remove chlorides. Evidence of chlorides was measured using 
AgN03. The column was back-eluted with 0.1 N NaOH. The fulvic acid was reconcentrated again 
on a smaller XAD-8 column (125-ml bed volume) and washed with 3 bed volumes distilled 
deionized water to remove excess chlorides. The fulvic acid was eluted using 0.1 N NaOH and 
pumped through the cation exchange resin at approximately 3.5 ml min'1 or 1.7 bed volumes per 
hour. Hydrogen saturated solutions of fulvic and humic acid were freeze-dried, ground and stored 
in glass vials. 
2.4.4 Methods for Characterization of Humic and Fulvic Acid 
Elemental analyses were performed by the University of Massachusetts Microanalysis 
Laboratory. Carbon, H, and N measurements were performed according to the modified Dumas 
Pregal combustion technique (Ma and Ritner, 1979) using a Control Equipment model no. 440 
elemental analyzer. Sulphur analysis was performed using Schoneger Flask decomposition 
followed by barium ion titration (Ma and Ritner, 1979). Chloride was measured using Schoneger 
Flask decomposition followed by coulometric silver titration (Ma and Ritner, 1979). Phosphorous 
was measured using standard acid digestion followed by colorimetric detection of 
phosphomolybdenum blue (Ma and Ritner, 1979). Metals were measured after standard nitric acid 
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digestion using atomic absorption spectrometry (Ma and Ritner, 1979). Ammonium was measured 
using an ion selective electrode (APHA, 1993). 
Fourier transform infrared spectroscopy was performed using a Mattson FT-IR 
spectrometer, model Sirius 100. Potassium bromide pellets, weighing approximately 200 mg, were 
manually fabricated using stainless steel pelletizing assemblies. IR grade KBr was dried at 105°C 
overnight and kept in the oven until used. The pelletizer assemblies were also kept heated until they 
were needed. Sample weight of the fulvic or humic acid was approximately 2 - 3 mg in a 200 to 
225-mg KBr pellet. The ratio of KBr to sample was 83:1 and 68:1 for fulvic and humic acids, 
respectively. A KBr reference blank was also prepared. Infrared spectra analysis was performed 
using Mattson computer software to generate transmittance data after corrections for the reference 
blank. 
Ultrafiltration was performed on 50 mg l'1 solutions of fulvic and humic acid. Solutions 
were made with 100 mM K2HP04and KH2P04 to produce a buffered solution at pH 7.0. Parallel 
filtrations of 150-ml samples were made using an Amicon 200-ml ultrafiltration filter assembly 
(Amicon Division, W.R. Grace & Co., Beverly, MA) operated at 380 kPa. YM series ultrafilter 
membranes, 1000, 3000, and 10000 MWCO (Amicon Division, W.R. Grace & Co., Beverly, MA) 
were used after extensive cleaning with 2N NaOH and repeated rinses with Milli-Q water (Millipore 
Corporation, Bedford, MA) until background DOC concentration was no more than 125% of 
reagent water. DOC concentration was measured on the first 10 ml of eluent. 
Ultra-violet / visible light spectroscopy was performed using a double beam 
spectrophotometer (Coleman 124D, Perkin Elmer, Norwalk, CT). Solutions of fulvic and humic 
acid were measured in quartz cuvettes with 1-cm path length at 665, 465, 400, and 254 nm. Solution 
concentration for visible light measurements was 220 mg l*1 and a 20x dilution was made for 
measurements at 254 and 400 nm. 
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Base titration of fulvic and humic acid fractions were performed using a direct titration 
method modified from Reckhow et al. (1992). Duplicate 50-ml solutions of fulvic and humic acid 
were placed in a tall 100 ml glass beaker fitted with a multiport stopper (Figure 2.3). Solutions of 
fulvic and humic acid were prepared with 25.7 and 24.7 mg-C l'1 respectively and the ionic strength 
was adjusted to 0.1 M with KC1. The beaker was fitted with a combination pH electrode, gas sparge 
tube, thermometer, and a micro-buret. Temperature in the beaker was maintained at 25°C ± 0.5°C 
using a continuous flow water bath and stirred with a teflon stir bar. The solution was kept free of 
C02 by a continuous stream of prepurified N2 bubbled through the solution at 34.5 kPa. The pH of 
the solution was adjusted to approximately 3.0 with 0.2 N HC1 and allowed to stabilize for ten 
minutes. Additions of 0.02 N NaOH were made in small increments and the pH was measured after 
each addition up to pH 11. 
2.5 Results and Discussion 
2.5.1 Field Survey 
Dissolved organic carbon concentrations are presented in Table 2.2. Farley Bog is a channel 
bog with a fast moving stream running the length of the bog. High flow of water into and through 
the bog appeared to result in relatively low DOC concentrations. Samples taken from the upper and 
lower portions showed a reduction in DOC at the outlet of the bog. In Dodge Bog, the DOC 
concentration at 15 cm was 25% lower than at 30 cm. Great Swamp was sampled at its outlet with 
a DOC concentration similar to that measured at Dodge Bog. Bayside in particular had a very high 
DOC concentration, probably due to long water retention times in the bog. Bayside Bog is 
historically noted as the first site in North America where cranberries were cultivated by New 
England settlers. 
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Figure 2.3. Base titration apparatus showing titration vessel in water bath, 
nitrogen tank, pH electrode, burette, thermometer, gas sparger, stir 
plate, peristaltic pump, and pH meter. 
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Based on the initial survey of bogs we selected Dodge Bog for collecting and purifying 
preparative quantities of humic substances. This selection was based on the following three factors: 
(i) DOC concentration, (ii) consistency of water flow through the summer, and (iii) sampling 
accessibility. Bayside Bog, because of its high DOC concentration would have required less 
material, however water levels get very low during the summer months. Great swamp had a lower 
DOC concentration than Dodge Bog and therefore offered no advantage. Farley Bog and Bacus 
River also had low DOC concentrations. 
Table 2.2. Dissolved organic carbon in selected cranberry bogs. 
Name DOC mgr1 
Bacus River 5.2 
Farley Bog Upper 2.7 
Farley Bog Lower 0.7 
Great Swamp 12.9 
Dodge Bog Upper 14.1 
Dodge Bog Lower 19.0 
Bayside 29.8 
2.5.2 Isolation and Purification 
Initial filtration of bog water was performed with the vinyl 0.45-pm filter. However, life 
of the filter was extended by three times when prefilters were added to the filter assembly. Filter 
changes decreased from once every 3 liters to 9 liters. Filtration was completed in approximately 
150 hours. Mean pH values of the filtrate and acidified filtrate were 4.2 (s = 0.14) and 1.98 (s = 
0.02) respectively. Acidified filtrate was applied to the XAD-8 column at a mean flow rate of 51.9 
ml min'1, equivalent to 8.2 bed volumes per hour. A total of 396 liters of bog water was applied to 
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the XAD-8 column in two batches of 308 and 88 liters respectively. Column influent and eluent 
DOC was monitored throughout. Figure 2.4 shows the DOC concentrations of influent and eluent 
with respect to bed volume loading for the first 308 liters. Mean DOC concentrations in the influent 
and effluent were 13.5 and 8.0 mg l'1 respectively. DOC retained on the column decreased from 
approximately 40% to 28% between 200 and 750 bed volumes (Figure 2.5). In other isolation 
studies (Reckhow et al., 1992; Thurman and Malcolm, 1981; Leenheer and Noyes, 1984) a column- 
capacity factor (k) greater than 100 was used in sizing the adsorption column. The k is related to 
the column size by the equation VEL=2V0(1+AJ), where VEL is the volume of sample applied at 50% 
retention and V0 is the void volume of the column, usually 60% of the bed volume. These studies 
used larger columns, up to 10 liters in size. In addition, all fractions of DOC were of interest, 
including, weak hydrophobic acids, hydrophilic bases and neutrals. In these studies a retention of 
95-99% of the DOC was attained. However, in the study reported herein, it was justified to use a 
higher k because of the specific purpose of retaining only the strong hydrophobic acids. A solute 
with a lower aqueous solubility will have a high k value and therefore more material can be applied 
to a column before breakthrough of the solute, k calculated for the two adsorption runs were 675 
and 190 respectively. In order to achieve a A" of 100, only 47 liters could have been applied to our 
column before breakthrough. 
Column eluent from the cation resin with fulvic acids had a conductivity of less than 2 pS 
cm'1. Chloride concentration in the humic acid fraction, determined using the AgN03 method, 
remained elevated. It was therefore decided to reapply the humic acid fraction to the smaller column 
and provide further distilled deionized water washing. In order not to introduce additional Na to the 
acids, the column was eluted with 3 bed volumes of 0.1 N NH3OH. Prior to application to the cation 
exchange resin the humic acid was purged with prepurified N2 at 70 kPa for 4 hours to remove 
excess NH3. Thurman and Malcolm (1981) report that humic acid will precipitate at concentrations 
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Figure 2.5. Fraction of DOC retained on XAD-8 column during humic 
material extraction. 
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in excess of 500 mg P DOC and therefore the humic acid fraction was diluted to less than 500 mg 
l'1 to prevent precipitation on the cation exchange resin. 
Net yield after isolation and purification procedures was 660.4 mg humic acid salt and 1967 
mg fulvic acid salt. The fraction of total carbon isolated from the humic and fulvic acid is presented 
in Table 2.3 below. The fraction of total carbon isolated from humic acid (6.1%) is comparable with 
the 7.1% humic acid fraction isolated from pond water by Reckhow et al. (1992). The fulvic acid 
fraction recovered from Dodge bog was 18.9% which was significantly lower than the 37.6% 
recovered by Reckhow et al. (1992). Variable recovery is however expected, since there is 
significant variability between DOC from different sources (Stevenson, 1982). 
Table 2.3. Fraction of dissolved organic carbon isolated from humic and fulvic acids. 
Fraction Carbon (mg) % of Total 
Raw Water 5346 100.0 
Humic Acid 326 6.1 
Fulvic Acid 1008 18.9 
Total Strong Hydrophobic Acids 1334 25.0 
2.5.3 Characterization of Humic and Fulvic Acid 
2.5.3.1 Elemental Analysis 
The elemental analysis of the humic and fulvic acid fractions isolated in this study and of 
two commercially available acids are presented in Table 2.4. The relative fractions of C, H, N, O, 
P, S, and ash are similar to average values for aquatic humic substances. Overall, the elemental 
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Table 2.4. Elemental analysis of the isolated humic and fulvic acid fractions as compared to 
Suwannee River extracts. 
C H N O P 
-%- 
S Cl Ash 
Humic Acid 49.4 4.70 2.51 36.7 0.04 1.15 1.72 3.80 
Fulvic Acid 51.3 4.45 1.18 35.3 0.02 1.06 2.22 4.50 
Suwannee River 
Humic Acid1 57.2 3.94 1.08 39.1 0.20 0.63 - 0.56 
Fulvic Acid1 54.6 3.71 0.47 39.3 0.20 0.05 - 0.95 
'Thurman and Malcolm (1981). 
content differences between the humic and fulvic acid fractions are small. Carbon content in the 
both acid fractions is typical of average values, whereas the hydrogen and nitrogen contents are 
somewhat higher than average values. Aquatic fulvic acids typically have higher carbon content 
than aquatic humic acids, whereas in soil systems, fulvic acid C tends to be lower relative to that 
of humic acid. Oxygen content was not measured directly, but was obtained as the difference of 
purgables plus ash. Oxygen content of the fulvic acids was only slightly lower than that of the 
humic acid. The nitrogen content in the humic acid fraction was more than twice that of the fulvic 
acid fraction. Phosphorous content was low in both acid fractions and may be attributed to low P 
values observed in cranberry bogs. Chlorides measured were likely to be residual from the isolation 
process. Ash content in the humic and fulvic acids was less than 5%, a result of extensive 
desalting. The commercially available Suwannee River acids reports less than 1% ash content. 
Further removal of salts in our isolation procedure would not only have produced a lower ash 
content but also resulted in additional loss of C. 
26 
Metal contents presented in Table 2.5, indicate low molar concentrations of alkaline earth 
metals and iron. Relatively low Na contents indicate that desalting with the cation exchange resin 
was largely successful. The oxide form of the metals plus chloride account for approximately 60% 
and 58% of the total ash reported in Table 2.4. Additional metals measured in trace amounts by ICP 
include Cu, Zn, Cr, Mo, B, and Cd. In addition, ammonium-N content was 0.5% and 0.1% measured 
in 50 mg l'1 solutions of humic and fulvic acid, respectively. The ionic strength, based on inorganic 
salts, calculated as !/2£MZ2 (M is mass and Z is charge), of 50 mg p1 solutions, was 1.06 x 10'5 and 
4.06 x 10'6 for humic and fulvic acid, respectively. Low ionic strength was important in base 
titration measurements reported below. 
Table 2.5. Metal content of isolated of humic and fulvic acid fractions. 
Na Mg Ca K A1 Fe 
--g L—.— 
Humic Acid 550 50 10 20 3200 120 
Fulvic Acid 410 40 35 70 2200 50 
2.5.3.2 Infrared Spectroscopy 
Infrared spectroscopy was performed on samples fabricated into KBr pellets. Absorbance 
spectra were compared to a KBr blank. The humic and fulvic acid spectra (Figure 2.6) corrected 
for blank absorbance shows strong absorbance around 3300 cm'1, due to OH stretching in water. 
This large band makes interpretation of other absorbance bands that lie within this region difficult. 
Water vapor was purged from the sample cell with N2 for several minutes but water was detected 
27 
in the sample pellet. This is a common problem in IR analysis and is almost unavoidable. Typical 
IR spectra for humic substances in the literature also show this large band (Stevenson, 1982). It is 
possible to make measurements by dissolving the sample in a non-polar solvent, such as carbon 
tetrachloride, but solubility then is limited. Absorbance around 2987 cm"1 in the fulvic acid and 
2926 cm'1 in the humic acid are from C-H stretching in aliphatic C groups. Strong absorbance at 
1720 cm'1, seen in both acids results from C=0 stretching of carboxyl and ketonic groups. The 
fulvic acid fraction exhibits a slightly stronger absorbance band around 1720 cm'1. A shoulder 
observed around 1629 cm'1 in the fulvic acid is typical for soil fulvic acids. In this region C=C 
stretch, possibly from aromatic C, may have shifted from the 1610 cm'1 region. The strong 
absorption band at 1626 cm'1 in the humic acid is almost of equal intensity as the 1720 cm'1 band, 
and is a typical feature of C=C stretching of aromatic C, expected in the humic acid fraction. Bands 
around 1400 cm'1 in both acids reflect OH deformation and C-0 stretching of phenolic OH and CH 
deformation of CH2 and CH3 (White and Roth, 1986) which suggests some aliphatic characteristics. 
2.5.3.3 Ultrafiltration - Molecular Size Distribution 
Molecular size distribution was determined using ultrafiltration. Fractions in four molecular 
size ranges are presented in Figure 2.7. Fulvic acid had 29% of its DOC retained by a 10,000 
MWCO (molecular weight cut-off). Whereas the humic acid had 53% retained by the same filter. 
Both humic and fulvic acid had a relatively low fraction retained by the 3,000 MWCO filter, with 
9 and 16% between 3,000 and 10,000 MWCO for fulvic and humic acids, respectively. The fulvic 
acid had 28.5% between 1,000 and 3,000 MWCO, while the humic acids had just over 10%. The 
fraction passing the 1,000 MWCO for fulvic and humic acids was 32 and 21% respectively. The 
humic acid fraction, as expected, had a higher molecular weight than the fulvic acid fraction. 
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Figure 2.6. Infrared spectra of humic and fulvic acids isolated from dissolved 
organic carbon from Dodge Bog. 
29 
FR
A
C
T
IO
N
 O
F 
T
O
T
A
L
 T
O
C
 
0.70 
0.60 
0.50 
0.40 
>10000 3000-10000 1000-3000 <1000 
MOLECULAR WEIGHT RANGE 
| Fulvic Acid Humic Acid 
Figure 2.7. Effective molecular weight distribution for humic and fulvic acid 
fractions. 
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Molecular size distributions, reported by Reckhow et al. (1992) showed similar trends. Fulvic acid 
typically has a greater percentage in the low molecular weight range. Reckhow et al. (1992) 
reported greater than 50% of isolate DOC passing a 500 MWCO filter using the same ultrafiltration 
apparatus. In addition, they reported less than 10% retained by a 5,000 MWCO. Unlike Reckhow 
et al. (1992), the effective size distributions were obtained using parallel mode with very low sample 
concentration. With series mode ultrafiltration, solute fluxes increase at the membrane surface and 
may shift the distribution towards smaller size. The effective distribution therefore may be more 
realistic because of low flux deviation at the membrane surface. Conditions for effectively 
determining size distribution are subject to several compromises. High DOC concentration in the 
sample make it easier to measure concentration in the eluent. However, membrane fouling and 
concentration polarization may add additional error. In addition to concentration conditions, ionic 
strength and pH have a significant effect on the conformation of complex organic molecules 
(Cheryan, 1986). It is therefore important to buffer the solution such that during concentration, 
conformational changes are minimized. In this study the ionic strength was set at 0.25 and the 
solution was buffered with mono and dibasic K phosphate at pH 7. While this does not closely 
approximate natural conditions it is suited for making comparisons. 
2.5.3.4 Ultra-Violet Absorbance Spectrophotometry 
Light absorbance of organic acids at 254 nm is used to measure aromaticity where 
conjugated substituents with multiple bonds, including; carbonyl, alkenes, and alkynes produce 
significant absorbance (Reckhow et al., 1992). Ratios of absorbance at 465nm and 665nm are often 
used in studies of soil organic matter. Where organic concentrations are lower, as in aquatic 
systems, use of light in the higher energy spectrum may produce more meaningful results. 
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Measurements using this alternative are presented in Figure 2.8. Ratios for absorbance at 400nm 
and 254nm are higher in the humic acid fraction than in the fulvic acid fraction, 0.23 and 0.16, 
respectively, indicative of greater conjugation. While this does not necessarily indicate greater 
aromaticity, aromatic bonds that are conjugated with substituent bonds will have a higher maximum 
absorbance. The ratios for these acids are somewhat higher that averages for E400/E254 ratios 
reported by Reckhow et al. (1992), 0.16 for humic acid and 0.10 for fulvic acid. The E400/E254 
ratios for the aquatic humic substances indicate lower conjugation than observed in Aldrich soil 
humic acid. The ratios at 465nm and 665nm were 5.96 and 7.76 for humic and fulvic acids, 
respectively (Figure 2.9). These values were higher than the Aldrich soil humic acid, indicative of 
less substituent bonding as observed from the E400/E254 rations. Stevenson (1982) suggests that 
E4/E6 ratios for humic acids tend to be ±5 and below, and between 6.0 and 8.5 for fulvic acids. The 
acids in this study, therefore, follow similar characteristic trends of typical humic substances given 
by Stevenson (1982). 
2.5.3.5 Base Titration 
Duplicate titrations of samples and distilled deionized water blank were normalized to an 
ionic strength of 0.1 with KC1. The presence of trace ions was ignored as their contribution to ionic 
strength was less that 0.01% of the total ionic strength. Blank titrations were used to correct for non¬ 
ideal electrode response. Instantaneous equilibration of acidic functional groups was assumed. 
However, at high pH values, autoxidation of organic matter may result in a drop in pH (Stevenson, 
1982). The titration of organics in the blank deviated from zero charge beyond the linear range of 
the electrode, between pH 4 and 10 (Figure 2.10) due to electrode error. Electrode error is accounted 
for in uncorrected charge versus pH curves for fulvic and humic acid fractions presented in Figure 
2.11. It is assumed that the organic component of the acids can not contribute positive charge. 
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Figure 2.9. E4/E6 absorbance ratios for humic and fulvic acid fractions and 
commercial Aldrich humic acid sodium salt. 
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Figure 2.10. Base titration of blank at an ionic strength of 0.1 N in milli- 
equivalents per gram of carbon. 
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pH 
Figure 2.11. Uncorrected base titration of humic and fulvic acid fractions at an 
ionic strength of 0.1 N in milli-equivalents per gram of carbon. 
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PH 
Figure 2.12. Corrected base titration of humic and fulvic acid fractions at an 
ionic strength of 0.1 N in milli-equivalents per gram of carbon. 
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This positive charge therefore appears to be due to the presence of inorganic cations such as Na, Al, 
and Fe in concentrations of as much as 3.2 and 2.2 mg g'1, in the humic and fulvic acids, 
respectively. Meaningful analysis of charge must include a correction for the presence of positive 
inorganic ions by subtracting the blank and expressing the corrected values as negative charge. The 
corrected values are presented in corrected titration curves (Figure 2.12). The net negative charge 
was calculated from a charge balance accounting for inorganic charge. The fulvic acid had a net 
negative charge of 13 meq g-C'1 at pH 8. It has been suggested that the negative charge at pH 8 is 
equal to the carboxyl content (Bowles et al., 1989). This value is in agreement with other studies 
of charge in aquatic fulvic acids (Oliver and Thurman, 1983; Reckhow et al., 1990; Reckhow et 
al., 1992). The humic acid fraction had a negative charge of 7.5 meq g-C-1 at pH 8 which is 
consistent with average negative charges of 7.5 and 8.4 meg g-C'1 reported by Reckhow et al. (1992) 
and Oliver and Thurman (1983), respectively. The shape of the titration curves are typical for fulvic 
and humic acids. In the region between pH 5 and 9 the acids tend to exhibit lower buffering 
capacity, which is consistent with descriptions for this region where phenolic OH and carboxyl OH 
buffering overlaps (Stevenson, 1982). The slope of the fulvic acid is steeper than that of the humic 
acid in the range between pH 3.5 to 4.5. This would indicate greater buffering and may be attributed 
to differences in carboxylic acid content observed with IR analysis. 
2.6 Summary and Conclusions 
2.6.1 Field Survey 
Significant variability in DOC concentrations was measured in trench water from cranberry 
bogs located on Cape Cod, Massachusetts. Several factors contribute to differences in DOC 
concentration. Channel bogs with high water flow through the bog have shorter residency times and 
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higher dilution of DOC. In channel or kettle bogs where water flow is low or water is stagnant, the 
DOC concentration is notably higher. An order of magnitude or more was observed in five sites 
sampled with a range of 0.72 to 29.8 mg 1*'. Water from Dodge Bog with high DOC, easy access, 
and consistent flows was used for this study. 
2.6.2 Isolation and Purification 
Fulvic and humic acid fractions were isolated from approximately 400 liters of cranberry 
bog water from Dodge bog in Harwich Massachusetts. Filtration of dissolved organic carbon was 
rapid using a series of prefilters along with a 0.45-pm filter. Column adsorption of the strong 
hydrophobic acids was carried out using Amberlite XAD-8 resin, a slightly non-polar methyl-methyl 
acrylate polymer. Column adsorption at recommended flow rates retained roughly 25% of the 
dissolved organic fraction. The column capacity factors used for retaining these acids was 2 to 3 
times column capacities used to retain 95-95% of all the dissolved organic carbon recoverable from 
aquatic systems. Desalting and hydrogen saturation of the acids with Amberlite IR120-P cation 
exchange resin produced a relatively low ash acid salt, with 3.8 and 4.5% ash for humic and fulvic 
acids respectively. Preparative quantities of humic and fulvic acid salts were obtained. Total weight 
of humic and fulvic acid salts purified was 660 mg and 1967 mg, respectively. On a carbon basis 
this represents 326 mg as humic acid and 1008 mg as fulvic acid, or 6.1 and 19% of the total organic 
carbon as measured by DOC. 
2.6.3 Acid Characterization 
Organic acid fractions were characterized using elemental analysis, infrared spectroscopy, 
ultrafiltration, UV absorbance spectrophotometry, and base titration. The elemental analysis 
suggests that the acid fractions isolated from cranberry bog water are typical of average aquatic 
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humic and fulvic acids. The percentage of C, H, N, and O was slightly different in the two fractions 
with approximately 50% C, 4.5% H, 2% N, and 35% O. Metals accounted for approximately 2% 
in both acids. Infrared analysis of the fractions showed different carboxyl content between the two 
acids from absorbance bands around 1720 cm'1. An aromatic component is suggested from 
absorbance bands around 1620cm1. The spectra of these acids were similar to typical spectra of 
humic substances, showing strong absorbance bands around 3300 cm'1 from OH stretching in water. 
An aliphatic component was also evident from absorbance bands around 2900 and 1400 cm'1. 
Effective molecular weight distribution of humic and fulvic acid fractions was determined using 
ultrafiltration. The humic acid fraction had 53% in the weight range greater than 10,000 MWCO 
and 21% less than 1,000 MWCO. The fulvic acid fraction had less than 40% in the weight range 
greater than 3,000 MWCO, with 29% between 1,000 and 3,000, and 32% less than 1000 MWCO. 
The distributions tended to be on the larger size, probably due to the nature of parallel filtration and 
the selected pH and ionic strength of the solutions used. Absorbance ratios of the two fractions 
using UV and visible light showed corresponding differences between the two acid fractions. E4/E6 
absorbance ratios for fulvic and humic acid fractions were 7.76 and 5.96, respectively, and are 
similar to typical ratios reported by Stevenson (1982). Base titrations were measured on dilute 
solutions of the two acids. The fulvic acid fraction had a measured charge at pH 8 of 13 meq g-C'1 
corresponding to carboxyl content, whereas, the humic acid fraction had a lower charge of 7.5 meq 
g-C’1. 
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CHAPTER 3 
CHLOROTHALONIL BINDING TO DISSOLVED ORGANIC MATTER 
ASSESSED FROM GAS PURGE STUDIES 
3.1 Introduction 
The behavior of organic compounds in soil and water can be described by the partitioning 
characteristic or the binding constant, Kb. The value of Kb for association with dissolved organic 
matter is highly variable and may have a limited linear range for specific solute and sorbent 
concentrations. The result of this is poor predictability of solute binding and transport processes 
based on the Kb. Knowledge of the binding constants for the fungicide chlorothalonil (TCIN) with 
dissolved organic carbon (KD0C) from the cranberry bog will help to determine TCIN concentrations 
in the bog water. 
The application of partition constant for organic carbon in soils, KoC, to systems over ranges 
of percent organic carbon, may not always be justified. Several investigators studying binding with 
organic acids have addressed whether the KoC is linear over a wide range of organic matter (OM) 
contents (Chiou et al., 1987; Hassett and Anderson, 1979). Typical mineral soils have OM fractions 
ranging from 1 - 6%, whereas, aquatic systems have organic carbon contents from 10'2 to 10'4 
percent. Because the composition of OM varies greatly, prediction of KoC often has been limited 
to empirical studies (Matsuda and Schnitzer, 1971; Hassett and Anderson, 1979; Zepp et al., 1981; 
Carter and Suffet, 1982, 1983; Hassett and Milicic, 1985; Chiou et al., 1986, 1987; Melcer et al., 
1987). A number of studies have described differential partitioning of organic compounds with 
humic substances (fulvic and humic acids) (Carter and Suffet, 1982; Caron and Suffet, 1989). These 
acids have a pH dependant charge ranging from 3 to 15 meq g-C'1 over pH values from 4 to 10. 
Another important characteristic of humic substances is the presence of polar and nonpolar 
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functional groups, making them potential binding agents for nonpolar compounds. Standard 
commercial and regional humic substances have been used in several binding studies. However, 
researchers have yet to develop a sorption model based on properties of humic substances to predict 
Kdoc more robust than empirical measurements. 
Binding to soils and sediments appears to be governed by more complicated processes than 
solute-humic substance interactions. Sorption kinetics for contaminant binding to soils and 
sediments have two distinct rates (Karickhoff, 1980; McCarthy and Jimenez, 1985), a fast rate 
associated with surface sorption, similar to solute-solute interactions, and a slow rate governed by 
diffusion forces. Reversibility in solute binding with soils and sediments has been shown to vary 
with different sorbent systems (McCarthy and Jimenez, 1985). Desorption, as demonstrated by 
recovery of sorbed pollutants with sediment, was dependent on incubation time. Longer incubation 
times may result in a greater fraction of the solute migrating to less readily desorbed sites. Non¬ 
ideal behavior of nonpolar pollutant binding to soils, evidenced by different rates for sorption and 
desorption, was reported by Brusseau and Rao (1989a) and Kan et al. (1994). In sediment/water 
sorption studies, non-ideal behavior was reported by Schrap and Opperhuizen (1992). They suggest 
that the model used to describe sorption encounters mathematical problems with the third phase 
(sorbed) of the system. Additionally, measurements of compounds that are relatively unstable over 
longer periods of time are difficult. They may be hydrolyzed, volatilized, or photolytically or 
biologically degraded within the system. Reversibility of the absorption process, by definition of 
the Kb, must be unrestricted. Corrections must be made for compounds which may become 
irreversibly bound to soil colloids or macromolecules. McCarthy and Jimenez (1985) report that 
binding of polycyclic aromatic hydrocarbons (PAHs) with dissolved humic substances followed fast 
kinetic rates, indicative of surface sorption phenomena or hydrophobic partitioning, consistent with 
the small molecular distances to the interior of the humic substance molecule. 
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Sorption kinetics using gas-purge methods were approximated using first-order mass- 
transfer equations by Brusseau et al. (1990). The solute equilibrium system is described as follows: 
*> K„ H 
s2 -s. - c» -c, (3-i ) 
2 
where concentrations for the three phases are: gaseous (Cg), aqueous (Cw), sorbed phase in 
equilibrium (S,) and mass-transfer-constrained (S2) domains. Equilibrium between Cg and Cw may 
be described by Henry's Law constant (H), whereas, aqueous and sorbed solute concentrations will 
be governed by a partition constant (Kp) or the binding constant Kb. Forward and reverse first-order 
rate constants between S, and S2 are defined as k, and k2, respectively. These relationships assume 
that the mass-transfer rate between the gas and liquid phases is instantaneous and the transfer rate 
is much smaller than the rate limited desorption constant. 
The concept of two binding domains, equilibrium and mass-transfer, has also been proposed 
by Wu and Gschwend (1986) for partition kinetics of organic compounds with soils and sediments. 
They propose a single-compartment model describing the relationship between the solvent phase 
and the sorbed phase with a single parameter Kb, proportional to the solute concentration in the 
bound (Cb) and aqueous (Caq) phases. 
Kb-Cb/ Caq (3.2.) 
Hassett and Milicic (1985) formulated equilibrium relationships assuming that mass-transfer 
in the bound phase was instantaneous. This assumption may be more logical for systems involving 
humic substances, which are dominated by surface sorption. In addition, this assumption allows for 
a simpler derivation of dynamic state equations for solute concentrations in the bound, aqueous, and 
43 
gas phase. Sorption/desorption may be expressed by the following system of first-order kinetic 
reactions: 
C b 
12 (3.3.) 
where k12 and k21 are constants, and loss of the solute from solution may be described by an 
irreversible first order constant k23, dependent on temperature, gas flow rate, Henry's law constant, 
liquid volume, and the mass-transfer coefficient between the gas and aqueous phases (Brusseau et 
al., 1990). The binding coefficient Kb can be expressed as the ratio of k21 to k12. The total 
Kb = k2l/kl2 (3.4.) 
concentration of the compound in solution (CT) consisting of the free and bound phases may be 
expressed as: 
cT - Caq + cb (3.5.) 
The rate equations for solute concentrations Cb, Caq, CT, and Cg are 
dC_| 
dt 
= k2\C aq ' ^12^6 
dC 
aq - knCb - (*2. * k2,)Caq 
dt 
dC j 
dt 
= -k„C 23 aq 
dt 
k C 't23U aq 
(3.6.) 
(3.7.) 
(3.8.) 
(3.9.) 
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If in the gas-purge method the gas flow rate is suitably slow, the concentration in the 
aqueous and sorbed phase will be in equilibrium, and Equation 3.2. is applicable at any time during 
a sorption experiment. The linearized integrated form of Equation 3.2. combined with Equations 
3.5. and 3.8. yields Equation 3.10. 
In CT - -k23t/(l*K^) * In C° (3.10.) 
If the equilibrium solution is valid, then In CT vs. t will be linear with slope equal to Kb. The 
aqueous-gas exchange rate k23 can be measured experimentally with the solute in pure water. 
Yin and Hassett (1986) used a simpler model to describe solute phase concentrations from 
gas purge studies (Equation 3.11.) where Kh is the unitless Henry's constant and Cgand Caq are as 
C, " KHCag (3.11.) 
described previously. If gas bubbles are allowed to equilibrate with the water phase, then the first- 
order Equation (3.12.) can be written to describe the aqueous solution concentration at any time t, 
dCaq F „ (3.12.) 
dt ’ V g 
where F and V are gas flow rate and liquid volume, respectively. Combining Equation 3.11. and 
3.12. and integrating, yields Equation 3.13. If Kh is known then Cg can be estimated from Equation 
C, • fa * toe" (3.13.) 
3.11. When F or t are small or V is large, Caq is approximately equal to C°aq, which would mimic 
a static headspace experiment useful for deriving Kh. By adjusting the gas flow rate, length of time, 
and liquid volume, the gas purge experiment can predict solute concentration in dynamic states. 
Solute bound to humic substances will not freely dissociate into the gas phase, but will equilibrate 
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with the aqueous phase. Cb can be estimated as the difference between the total and the combined 
aqueous and gas phase concentrations (Equation 3.14.) 
^b = Cf ” (3.14.) 
Hassett and Milicic (1985) present the general solution of a three-phase system to solve for 
the rate constants k12 and k21 (Equation 3.15.), 
Cr° / [(1 ♦ Kt) x [(^ B„ - BM * - e'h')\ 
^ +BrA^‘ - 
(3.15.) 
where the B and k constants are defined in Equations 3.16. through 3.21., 
*2 - k2l * k23 (3.16.) 
*12 + *21 + *23 ‘ *2 
*3 - k2l + k23 (3.17.) 
*12 + *21 * fc23 - k2 
*2 - kn 
(3.18.) 
*12 : + *21 ~ k2 
*3 - kn 
(3.19.) 
k + k - 1 
*12 *21 *3 
and the eigen values of the system are defined as follows: 
k2 = ^ 2^12 + ^21 +^23^ + ^ 12+^21*^23) 4£12fc23] 
(3.20.) 
A.J =1/2[^12 + ^21 +^23^ " ^(^12+^21+^23) 4^12^23] 
(3.21.) 
46 
This kinetics model can be solved using least squares techniques where CT and k23 are known. The 
binding coefficient Kb can be solved using Equation 3.4. from parameters k12 and k21. 
3.2 Previous Work 
3.2.1 Solute Binding with Organic Matter in Soils. Sediments, and Water 
Organic solute binding with organic matter has been evaluated in soils and sediments 
(Karickhoff et al., 1979; Means et al., 1980; Karickhoff, 1981; Chiou et al., 1983; McCarthy and 
Jimenez, 1985; Chiou et al., 1986; Brusseau et al., 1990). In studies with chlorinated aromatics, 
binding coefficients (Kp) were related to organic carbon content and could be referenced by 
Koc(Karickhoff, 1981; and Means et al., 1980). Linearity and reversibility were also noted for 
compounds with molar solubilities less than 10"3 mol l*1 (Karickhoff, 1981). Binding coefficients 
were reported as K^, K^, KqW, or KqM for numerous organic compounds including: 1,2- 
dichlorobenzene and 1,2,4-trichlorobenzene with different soils or sediment sources. Not only is 
it important to note the wide variability in binding constants, but also how data is reported and 
techniques used to measure these constants. Inconsistent methods of reporting and variability in 
measurement technique make it difficult to uniformly apply data. 
Several researchers have investigated binding of organic compounds with humic acid. 
Carter and Suffet (1982) examined the interaction of DDT with Aldrich commercial humic acid, 
Pakim Pond, and Boonton Reservoir sediment humic acids. The Kqc values for DDT with Aldrich 
soil humic acid were 5 times greater than Kqc values with aquatic humic acids. They reported that 
linear association curves of DDT versus humic acid, expressed on an ash-free basis, were not 
significantly improved with linearized Langmuir isotherm plots. They also raised the question 
whether the binding mechanism is surface sorption or liquid partitioning. Both are plausible because 
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no second bulk phase on which DDT could accumulate with dissolved humic acids was present and 
the sorbed molecule is not much smaller than the sorbent. Carter and Suffet (1983) measured 
binding constants for several humic and fulvic acids with di-(2-ethylhexyl)phthalate and DDT using 
a dialysis technique. In their study, the binding constants for the fulvic acids were lower than 
binding constants for humic acids. They concluded that binding of a particular compound was 
related to the KqW of the compound but characteristics of the humic material, including: % ash, % 
C, % Fe, and molecular size did not permit prediction of binding constants. 
Comparisons between commercial humic acids and natural humic substances from aquatic 
and terrestrial sources were made by Zepp et al. (1981), Carter and Suffet (1982), Landrum et al. 
(1984), and Chiou et al.( 1987). In all of these studies, higher binding constants were reported for 
a variety of organic compounds with commercial humic acids than with non-commercial aquatic and 
soil humic acids. Chiou et al. (1987) report that Aldrich and Fluka commercial humic acids 
produced binding constants, based on DOC, 4 to 20 times that of river humic extracts. Landrum et 
al. (1984) reported binding constants for commercial humic acids with DDT, 2,4,5,2',4',5'- 
hexachloro-biphenyl, and 2,5,2',5'-tetrachlorobiphenyl that exceeded binding for natural waters by 
an order of magnitude. Solubility enhancement for DDT and PCBs with humic acids was correlated 
with polarity of the material based on elemental data and not molecular size (Landrum et al., 1984). 
High carbon and low oxygen content found in the commercial humic acids promoted binding with 
nonionic organic solutes. This would corroborate findings by Carter and Suffet (1983) that showed 
fulvic acid producing lower binding constants than humic acid. The implications of the varying 
results with commercial and non-commercial acid are that studies with humic substances may not 
easily be related to one another. 
Binding values for nonpolar organics with different humic substances vary broadly 
suggesting that binding constants for organic compounds need to be derived empirically. There is 
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no indisputable mechanistic explanation for binding with humic substances that is related to 
molecular characteristics, such as: functional groups, C, H, O, molecular size, or % ash. Melcer et 
al. (1987) attempted to describe Chloranil (tetrachloro-l,4-benzoquinone) interaction with dissolved 
humic acids. A charge-transfer mechanism was hypothesized, because compounds with decreased 
electron accepting ability had smaller binding constants. Known presence of electron donating 
groups on the humic acid molecule can act as binding sites, and formation of the binding complex 
is characteristic of charge-transfer complexes. They also reported that with higher concentrations 
of humic acid, reduced binding occurred, possibly due to humic-humic interaction. Knowledge of 
the electron donating ability of the humic substance may permit prediction of the binding constants 
for other compounds that have electron accepting ability. Ionic strength, pH, and metal content are 
known to affect the aqueous behavior of humic materials (Carter and Suffet, 1982). As pH decreases 
and metal content increases, the size of humic polymers will increase and its charge will become 
more balanced throughout the molecule. The neutral humic polymer is less hydrophilic and is likely 
to bind with hydrophobic organic compounds at uncharged sites. In addition, studies using 
sediments containing soluble organic carbon may show artificially low binding constants for 
sediment because of dissolved humic substances. 
3.2.2 Sorption/Desorption Measurement Techniques 
Various techniques have been used for measurement of sorption kinetics of organic 
compounds in soil, sediments, and aqueous systems. Presently two methods, gas-purge (GP) and 
miscible-displacement (MD), receive the greatest use (Brusseau et al., 1990). Sanemasa et al. (1982) 
used a solute vapor system with benzene and alkylbenzenes to measure their solubilities in aqueous 
solutions (Figure 3.1.). They reported three advantages to the solute vapor technique: rapid 
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Figure 3.1. Schematic of solubility measurement apparatus from Sanemasa et al. 0982). 
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attainment of equilibrium, determination of whether solubility obeys Henry's law, and based on 
Henry's law, dilute solutions of low solubility compounds can be easily prepared. Hass and Kaplan 
(1985) used the Sanemasa apparatus to measure solubility enhancement of toluene with commercial 
humic acid. In their study the difference observed in concentrations between the pure solute and 
aqueous solution reflected the association with humic acid. The analytical technique used is worthy 
of further explanation. Aliquots from the flask containing aqueous phase toluene and toluene-humic 
acid complex were injected directly into a gas chromatograph (GC) with a flame ionization detector 
(FID). In the injector of the GC, temperature conditions were such that toluene partitioned from the 
toluene-humic acid complex into the gas phase. This method of measuring total compound may not 
be well suited for compounds that bind irreversibly with humic acids, or upon desorption from 
humic acids are changed or degraded. Sanemasa's apparatus and method would give the greatest 
sensitivity when used with 14C labeled compounds. Where [14C] compounds are prohibitively costly, 
other measurement techniques may be used. For example, high performance liquid chromatography 
(HPLC) with UV-detection, may be suitable, providing that the analyte will separate from the humic 
acid complex in the column. 
Karickhoff (1980) used GP for desorption of equilibrated solutions of pyrene, phenanthrene 
and naphthalene in natural sediments. Oliver (1985), after Karickhoff (1980), used the GP 
desorption technique with several polychlorinated hydrocarbons in contaminated and in spiked 
sediments (Figure 3.2.). The aqueous phase solute is removed from solution by the continuous flow 
of inert gas (N2 or pollutant free air) through the system. Collection of the gaseous phase solute on 
Tenax resin followed by extraction and measurement yields data for kinetics modelling. Adjustment 
of collection timing allows for temporal variability and measurement sensitivity of any solute. Wu 
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Figure 3.2. Schematic of gas-purge desorption apparatus from Oliver (1985). 
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and Gschwend (1986) developed a closed gas flow system with separate flasks of aqueous solution 
and soil suspension for sorption studies. An in-line GC/photo ionization detector (PID) allowed 
real-time measurement of sorption to equilibrium (Figure 3.3.). Sensitivity of PID, however, limit 
its applicability for compounds with low vapor pressure. Brusseau et al. (1990) combined the 
Karickhoff apparatus and the Wu and Gschwend design, using their advantages to measure sorption 
and desorption with the same apparatus (Figure 3.4.). Gas-purge compared favorably to MD for 
desorption of chlorinated monoaromatics, trichloroethene and tetrachloroethene from soil and 
aquifer materials. The GP technique became limited when the sorption rate approached or was less 
than the gas-liquid mass transfer rate because they were indistinguishable. Based on this, the GP 
technique is recommended for systems with high sorptive capacity, high organic carbon, or clay rich 
sediments. Other researchers have used the Karickhoff technique with the Tenax trap to study 
desorption kinetics of organic pollutants in solutions containing natural organic matter and 
commercial humic substances (Hass and Kaplan, 1985; Hassett and Milicic, 1985; Yin and Hassett, 
1986). Desorption studies run by these researchers ranged from 2 to 12 hours. Complete recovery 
of sorbed chemicals with low vapor pressures may require days or weeks, and become increasingly 
difficult with increased incubation time (Karickhoff, 1980). 
Additional techniques used for sorption studies of organic chemicals with humic substances 
include reverse phase high performance liquid chromatography (HPLC), equilibrium dialysis, UV 
spectroscopy, ultra-filtration, and classical batch isotherm studies. Equilibrium dialysis technique 
was used in solubility enhancement studies by natural dissolved organic carbon and commercial 
humic substances with [14C] polycyclic aromatic hydrocarbons (PAHs) (McCarthy and Jimenez, 
1985) and [14C] p,p'-DDT (Carter and Suffet, 1982; and Landrum et al., 1984;). Carter and Suffet 
(1983) compared equilibrium dialysis to solubility and sorption methods on binding of anthracene, 
DDT, and diethyl-hexyl-phthalate (DEHP). The dialysis technique provided the most reliable 
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Figure 3.3. Schematic of gas-purge sorption apparatus from Wu and Gschwend (1986). 
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Figure 3.4. Schematic of gas-purge apparatus from Brusseau et al. (1990). 
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results, but high molecular weight solutes may not diffuse through the dialysis membrane (1000- 
2000 daltons) to the sorbent. Higher molecular weight cutoff range of dialysis tubing would be 
unsuitable for sorption studies with humic substances because they would not be retained. 
Equilibrium dialysis techniques are advantageous because conditions are such that over-estimation 
of binding is not likely. This is because pollutant binding to glass in the apparatus does not affect 
Kb values since it should also be in complete equilibrium with the contents of the dialysis bag. 
Disadvantages include possible leakage of sorbent from the dialysis bag and longer equilibration 
times lasting 3 to 4 days. Landrum et al. (1984) attributed incomplete equilibration for significantly 
higher partition coefficients from dialysis versus reverse phase HPLC for PAHs and DDT. Reverse 
phase HPLC was deemed preferable for highly lipophilic compounds not compatible with the 
dialysis methods because adsorption to dialysis tubing from interfering organic compounds. 
Gauthier et al. (1986) compared reverse phase HPLC with fluorescence quenching on PAHs with 
three humic and three fulvic acids. Decreases in with increased DOM, reported by Landrum 
et al. (1984), were not observed in the fluorescence quenching method used by Gauthier et al. 
(1986). They believe this was an artifact because flow rate in HPLC had an effect on KqC with 
DOM. Furthermore, pH and ionic strength affect separation in HPLC. McCarthy and Jimenez 
(1985) used fluorescence quenching to derive dynamic models of sorption of PAHs to dissolved 
commercial humic materials. Association was rapid and linear at organic carbon concentrations 
from 0.3 - 1.7 mg-C l"1. Fluorescence quenching has potential for compounds with high fluorescence 
efficiencies (PAHs). Its major advantages include: no separation requirement, high sensitivity at 
low pollutant concentrations, rapid measurement, and adaptable to dynamic system modelling. Also, 
this method is based on a ratio measurement so concentration does not need to be exact. 
Fluorescence quenching is obviously not useful for compounds that do not fluoresce, and the 
influence of 02on fluorescence may place measurements in question. 
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Batch isotherms are incompatible with studies using dissolved sorbents because the sorbed 
and free phases of solute cannot be separated physically. This is not the case in soil and sediment 
studies, where the solid phase containing sorbed solute can be separated from the solute using 
centrifugation. Another approach to solute binding that incorporates similar methods as in batch 
isotherms is measurement of solubility enhancement by DOC (Chiou et al., 1986). In this 
technique, over-saturated solutions are prepared with and without dissolved organic sorbents. The 
solute concentration in the aqueous phase is measured after equilibration. Increased concentration 
greater than the saturated aqueous solubility is attributed to sorption to dissolved sorbent. The 
model used to derive KDOC is present below. 
S'w - Sw( 1 ♦ XKuod (3.22.) 
Increased solubility or apparent solubility (S^) is measured as a function of the aqueous solubility 
(Sw), the partition coefficient (K^), both constants, and the sorbent concentration (X). The slope 
of the apparent solubility versus sorbent concentration yields KDOC, where Sw can be determined in 
studies without sorbent. Using this model, the effectiveness of solubility enhancement can be 
assessed for different dissolved sorbents. Chiou et al. (1986) used this method with DDT, PCB's, 
trichlorobenzene, and lindane with commercial humic, fulvic, polyacrylic, and phenylacetic acids. 
They determined that the method was sensitive for solutes with low aqueous solubility and sorbents 
with larger molecular weights. They hypothesized that binding between low solubility solutes with 
humic materials is a partition-like interaction, similar to solubilization of water insoluble materials 
by surfactants. In this method sorbent concentration is varied rather that solute concentration. This 
method is unlike classical sorption isotherm equations such as Freundlich and Langmuir which vary 
the solute concentration and hold the sorbent concentration constant. In gas-purge studies, varying 
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sorbent concentration in gas-purge studies, may be more effective as well in assessing binding 
constants of low vapor pressure compounds, because gas concentrations will be higher at higher 
aqueous concentrations (see Equation 3.11.). 
3.2.3 Studies with Chlorothalonil and Related Compounds 
The physical properties of TCIN (1,3-tetrachloroisophthalonitrile) are presented in Table 
3.1. Its solubility in H20 at room temperature (25°C) is reported at either 0.9 mg l'1 or 1.2 mg l'1 
(3.38xl0'3 and 4.51xl0'3 mol m'3) (personal communication, R. Burton, ISK Biotech Corp., 1993). 
The compound's solubility at 25°C (w/w) is 8% in xylene, 3% in cyclohexane, 2% in acetone, and 
less than 1% in kerosene (Merck Index, 1983). 
Table 3.1. Physical properties of chlorothalonil.* 
Property Value Units 
Molecular Formula c8ci4n2 
Molecular Weight 264 
Specific Gravity 1.73 
Boiling Point 350 °C 
Melting Point 250 °C 
Solubility 4.0 x 10"3 mol nr3 
Vapor Pressure 6.5 x lO'8 kPa 
H 1.5 x 1 O'5 - 1.9 x 10'5 kPa m 3 mol'1 
Log Kd 0.74- 1.79 
Log KqC 3.11 -4.14 
Log KqW 2.88 
Soil Half Life 68 days 
* Data reported at 25°C unless noted. 
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TCIN vapor pressure data was collected from two sources. DePablo (1980) measured the vapor 
pressure using the effusion method and gas saturation method at temperatures from 90 to 145°C. 
He reported that at temperatures below 167°C there were no phase transformations and the following 
equation could be used for the stable phase below' this temperature: log p = 12.65 - (5652.84/T), 
where log p is the vapor pressure in Torr and T is the absolute temperature. Using this equation, 
a vapor pressure (log p) of -6.31 Torr or 6.54x1 O'8 kPa was calculated at 298.15 K. Percent 
differences between fitted and experimental measurements ranged from 0.25-14.2% with a mean 
difference of 3.4%. Others report a vapor pressure of 7.63x1 O'8 kPa at 25°C (personal 
communication, R. Burton, ISK Biotech Corp., 1993). The 16.8% difference between these two 
values does not fall within the reported error for the fitted equation (DePablo, 1980). This 
discrepancy is explained by poor extrapolation to temperatures outside the measured range. This 
is supported by the fact that parameters used in the Antoine equation, which relates vapor pressure 
to temperature, are only valid over a narrow range. The Henry's constant based on the 25°C vapor 
pressure from DePablo (1980) is 1.94 x 10'5 and 1.45 x 10'5 kPa m5 mol'1 at the two reported 
solubility values (3.38xl0'3 and 4.51xl0'3 mol m'3), respectively. 
Hydrolysis of TCIN is dependent on pH. At neutral to acidic pH no hydrolysis was detected 
after 100 days (personal communication, J. French, ISK Biotech Corp.. 1993). However, at pH 9, 
TCFN half life was 38 days. Photolysis of TCIN in aqueous systems is not known to occur. 
However, in aromatic solvents under UV light photolysis does occur rapidly forming chemical 
adducts. Chlorothalonil degradation products are poorly documented. Hvdroxy-metabolites are 
suspected as the actual compounds measured in cranberry bog w ater, instead of the parent compound 
because they are more mobile (personal communication, R. Burton, ISK Biotech Corp., 1991). Two 
of the metabolites, 4-hydroxy-2,5,6-trichloroisophthalonitrile (3701) and 3-carboxy-2,5,6- 
trichlorobenzamide (46851), have been quantified in soil residues (personal communication, R. 
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Burton, ISK Biotech Corp., 1991). The former has been measured in soils at concentrations from 
0.2-0.5 mg kg'1 or 10-20% of the parent compound concentrations, whereas the latter has been 
detected at concentration of 2.5-5% of the parent compound. The remaining three metabolites are 
generally below 0.03 mg kg'1, the limit of detection for GC (personal communication, T. Doran, ISK 
Biotech Corp., 1991). Biodegradability of TCIN in soils was investigated by Rouchard et al. (1989). 
They suggested that alkaline hydrolysis of TCIN in water was an indication of biodegradation in 
soil. They reported that the presence of the two cyano groups enhanced the reactivity of the chlorine 
atoms to nucleophilic substitution, and under mild reaction conditions the ratio of 1,3-dicabamoyl- 
2,4,5,6-tetrachlorobenzene and 4-hydroxy-2,5,6-trichloroisophthalonitrile was 0.6-1. Under slightly 
stronger reaction conditions, longer reflux time and higher KOH concentrations, the ratio decreased 
to 0.1. 
Kawamoto and Urano (1989) investigated parameters for predicting KoC for several 
pesticides with soils having 0.2 to 6.8 % organic carbon. They reported the KqC for TCIN as 1.8 x 
103 pg g'1. They also reported that K^was roughly correlated with the KqW (log Koc= 0.638 log 
KqW + 1.137, r2=0.867, p=0.01) and aqueous solubility (Sw) (log K^ = -0.464 log Sw + 1.137, 
rM).798, p=0.01). Gustafson (1989) reported the K^ at 1.38 x 103 ml g'1 and a half life in soil (1/°“) 
of 68 days. K^as reported by ISK Biotech is 7.62 x 102 at 25°C. KoC and Kd values are shown in 
Table 3.1. Several investigators have studied the impact of TCIN on aquatic systems (Davies, 1988; 
Ernst etal., 1991; O'Neill, 1991; and Walker et al., 1988). 
Exposure toxicity, and mutagenicity have been investigated by several workers (Rosanoff 
and Siegel, 1981; Spencer et al., 1991; Wei, 1982; and Wilson et al., 1990). Wei (1982) reported 
that TCIN was not mutagenic in Ames Salmonella strains. However, Wei also concluded that the 
Ames assay was possibly not the best technique for determining the mutagenicity of TCIN. TCIN 
was found to be carcinogenic in rats but not in mice (National Cancer Institute, 1978). The LD50 of 
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TCIN is greater than 10000 mg kg'1 orally in rats and greater than 5000 mg kg'1 orally for female 
dogs. The LC50 values for rainbow trout, bluegill sunfish, and channel catfish are 250, 386, and 432 
ug kg’1 respectively. Chronic toxicity tests showed no effect at levels of less than 120 mg kg'1 in 
rats, and greater than 120 mg kg'1 in dogs (Bailee et al., 1976). 
Interactions of many other organochlorine compounds with humic substances have been 
studied. A similar compound to TCIN is an isomer of tetrachlorobenzene (1,2,3,4-TeCB; C6H2C14). 
Its has a lower molecular weight than TCIN (215.9) and slightly higher aqueous solubility (3.27 mg 
l’1 at 25°C) (Kim and Saleh, 1990). Isnard and Lambert (1988) and Chiou (1985) reported aqueous 
solubility values for 1,2,3,4-TeCB of 0.12 and 12.14 mg l'1, respectively. TeCB has a vapor pressure 
(P) of 1 mm Hg at 68°C. Researchers report the following log KqW values: 4.55 (Douchette and 
Andren, 1988), 4.8 (Brusseau et al., 1991), 4.60 (Chiou, 1985) and 4.65 (Isnard and Lambert, 1988). 
TeCB has been used in studies investigating sorption to soil and humic acids (Brusseau et al., 1991; 
Kim and Saleh, 1990; Kishi et al., 1988). Kim and Saleh (1990) reported no enhancement of TeCB 
solubility with Suwannee River fiilvic acid at concentrations to 80 mg l'1. Kishi et al. (1988) report 
the Kqc for TeCB with humic acid and soil at 900 and 980, respectively. However, specific details 
regarding the source of humic acid and methods used to derive the sorption parameters were omitted. 
Kishi et al. (1990) studied adsorption coefficients for halogenated aromatic compounds with 
soils having different clay types and organic carbon concentrations ranging from 1.4 to 10.4%. The 
average K^ for TeCB was 2970 and the adsorption coefficient Kd was linearly related to organic 
carbon content (r=0.96, n=5). Oliver (1985) measured desorption of chlorinated mono and poly¬ 
aromatics, including TeCB, with Lake Ontario sediments. Kd values for TeCB at suspended 
sediment concentrations from 13 to 662 mg l'1 at 20°C were 3 x 105 to 8.7 x 103. Experiments at 
other temperatures demonstrated that an increase in temperature resulted in faster desorption rates. 
Wu and Gschwend (1986) in sorption/desorption studies with Charles River, MA. sediments 
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reported an equilibrium Kp value of 1390 cm3 g'1 for sorption at 28°C, 232 pm particle size, and solid 
concentration of 442 mg l1. 
Another compound comparable to TCIN is Chloranil (tetrachlorobenzoquinone; TeCBQ; 
CJi202C\A) which has a molecular weight of 248.02. TeCBQ has a low aqueous solubility. TeCBQ, 
a known electron acceptor, was used in a study to investigate charge-transfer mechanisms with 
dissolved humic acid (Aldrich, humic acid salt) reported by Melcer et al. (1987). A partition 
coefficient normalized for DOC concentration (K^) was reported as 1.2 x 1()5 in 2.7 mg C l'1 
humic acid solution, and was reduced when humic acid concentration was increased to 6.8 mg C l'1. 
They reported the stabilized after 4-7 days after mixing then increased until it leveled off 
again after 15 to 20 days. These findings suggest that binding may conform to a two-stage process, 
where conformational changes are responsible for the second increase in binding. Direct 
measurement of pollutant binding was measured using UV-difference spectroscopy for Chloranil 
with commercial humic acid (Melcer et al., 1987). Time course spectral analysis showed band 
broadening and shifting at 290 nm to lower energy, indicating Chloranil binding. UV spectroscopic 
methods showed charge-transfer electron donor processes with humic acids at 2.7 mg-C I'1. 
However, equilibration required at least 20 days. Conformational changes may have resulted in 
decreased sorption over this long period of time. 
3.3 Experimental Methods 
3.3.1 Methodological Background of Gas Purge Studies 
The gas-purge method was chosen over other techniques for the following reasons: (i) the 
gas-purge method allows for complete equilibration with all sizes of molecules, unlike dialysis 
which may leak smaller sized molecules; (ii) gas-purge analysis does not suffer from spurious 
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adsorption to membrane surfaces which may occur with dialysis and ultrafiltration; (iii) gas-purge 
analysis can be used to determine time dependant constants using a first-order model, whereas, 
dialysis and batch methods require additional work to get similar results; (iv) gas-purge analysis is 
well suited for studying dissolved sorbent interactions, whereas batch studies are more suited for 
solid sorbent interactions such as soil or sediment. Gas-purge methods similar to those used by 
Brusseau et al. (1990) with minor modifications, were used to derive partition coefficients for TCIN 
at different sorbent concentrations. Sorbent concentrations were varied rather than solute 
concentrations. The latter was set close to aqueous solubility for two reasons: (i) sensitivity in 
measurement of gas phase concentrations would be higher at higher aqueous concentrations; and 
(ii) higher aqueous concentrations would allow for more complete equilibrium binding to the 
sorbent. As a result of this, classical isotherm relationships were not determined. Binding constants 
were evaluated using a first-order rate equation (Equation 3.10.) after Hassett and Milicic (1985) 
by measuring the gas phase concentration of TCIN purged from an aqueous solution of TCIN 
equilibrated with humic and fulvic acid isolated from a Massachusetts cranberry bog. A discussion 
of the experimental apparatus for this study follows. 
Sanemasa's (1982) experimental apparatus was designed to measure sorption based on mass 
transfer of solute in the gas phase to an aqueous solution from a saturated solution. Hass and Kaplan 
(1985) working with toluene used an intermediate flask containing water placed between the pure 
solute and the solubility flask with humic acid. An inert gas (N2) was purged through the flasks 
containing analyte, water and sorbent, until sufficient time had passed to reach equilibrium. Passive 
gas equilibration, however, between two solutions is very slow. Oliver et al. (1985) used passive 
gas transfer to spike sediments, where solute was plated to a glass sheet and allowed to volatilize 
for two weeks. No significant difference was reported when solute was spiked directly to the 
aqueous solution and stirred for five hours versus passive spiking. These findings support the 
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argument for an active gas-purge solubility study. It should be noted that compounds having high 
vapor pressures will reach equilibrium rapidly, while compounds with lower vapor pressure will take 
much longer. Utilizing Equation 3.13. with a computed Henry's constant (based on solubility and 
vapor pressure data) calculations indicate that it would take more than 350 days to fully desorb a 
saturated solution of TCIN at 25°C at a gas flow rate of 250 ml min'1 (Figure 3.5.). 
Figure 3.5. Predicted desorption of TCIN from solution. 
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Solubility enhancement using dynamic modelling could be achieved with the Sanemasa 
apparatus using l4C labeled compound. Differences observed between solution activities with and 
without sorbent can be attributed to solute binding to dissolved humic materials. Dynamic solute 
binding can be measured by taking aliquots from the solubility flask at appropriate time intervals 
and analyzing using liquid scintillation methods. This method offers significant advantages for 
measuring solution concentrations since total solute concentration at equilibrium is independent of 
the solute phase. In addition, for compounds having low vapor pressure, the gas phase concentration 
may be below' the detection limit available for GC. The actual experimental plan used to measure 
desorption follows closely that used by Hass and Kaplan (1985) using an apparatus similar to 
Brusseau et al. (1990). 
3.3.2 Experimental Apparatus 
Equilibrium experiments were performed in the apparatus shown in Figure 3.6. The glass 
reaction vessel was water jacketed, w ith an inner volume of 0.5 liters and a height of 30 cm. The 
vessel had a larger opening at the top allowing for filling and cleaning. Four gas tight ports were 
positioned as shown with national pipe thread standard (NPT) glass threaded fittings (Ace Glass, 
Vineland, NJ). Teflon adaptors were used in all the gas tight ports (Ace Glass, Vineland, NJ). A 
polytetraflouroethylene (PTFE)-rubber faced septa was used on the sampling port below the liquid 
lev el. A glass thermometer was inserted in the upper port, as shown, and held in place w ith a PJTE 
O-ring. The three upper ports on top of the vessel w ere fitted with Sw agelok™ NOT-1/4" stainless 
steel adapters to wiiich l/8"-OD Teflon tubing was attached. The tubing connections for gas flow 
to and from the vessel were connected to teflon lined 3- and 4-way valves (Hamilton Corp., Reno, 
NV ) directing flow either in purge, trap collection or by pass modes. A pressure measuring 
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Figure 3.6. Gas-Purge reactor vessel shown in the closed mode. 
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device (tensimeter) was used to monitor headspace pressure throughout the experiments (Soil 
Measurement Inc., Santa Barbara, CA ). The central port of the vessel was fitted with 24/40 
Rotavis connectors (Ace Glass, Vineland, NJ.) with a 10-mm gas dispersion tube approximately 35 
cm in length with a 2-cm frit (pore size 25 - 50 pm) ( Ace Glass, Vineland, NJ). A teflon 24/40 
sleeve (Fisher Scientific, Springfield, NJ) was used on the ground glass joint of the rotavis adaptor. 
The system used in this study allowed for purging with N2 in an open mode or closed mode. The 
closed mode was used exclusively in the third experiment in which significant solute volume loss 
was observed. The closed loop mode was driven by a stainless steel metal bellows pump (Model 
MB-21, Parker Metal Bellows Inc., Sharron, MA). Flow rate adjustments were made using a 
stainless steel needle valve (Nupro, Willoughby, OH). Flow rate was measured using an all glass 
rotameter with insert number 32 (Ace Glass, Vineland, NJ.). A teflon stir bar and stir plate were 
used during all experiments. The experimental temperature was held constant at 25° ± 0.1 °C with 
a thermostatically controlled water bath with pump (Forma Scientific, Marietta, OH). 
Twenty seven experiments listed in Table 3.2. were conducted. In experiments 1 and 2 
phenanthrene was used as the model compound to test the efficiency of the experimental apparatus. 
In these experiments, the Henry's constant from theoretical values was compared to experimental 
values derived using Equation 3.13. described previously. Parameters for each gas purge experiment 
including: solute and sorbent concentrations, flow rate, pressure, volume, and water column height, 
are listed in Table 3.2. 
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Table 3.2. Experimental conditions for gas purge studies. 
Exp # Solute Solute C 
ug ml'1 
Sorbent Sorbent C 
ug ml'1 
flow 
m3 hr'1 xlO2 
APressure 
kPa xlO4 
Volume2 Column Height 
m3 x 104 cm 
1 Phenanthrene 1.01 - na 1.66 5.72 3.50 21 
2 Phenanthrene 1.01 - na 1.76 4.96 3.50 21 
3b TCIN 0.99 - na 1.47 6.50 2.50 14 
4 TCIN 0.97 - na 1.46 7.90 2.50 14 
5 TCIN 0.99 - na 1.44 4.05 2.50 14 
6 TCIN 1.01 - na 1.43 2.96 3.50 21 
7 TCIN 0.98 - na 1.44 3.95 3.54 21 
8 TCIN 0.51 - na 8.57 16.8 3.51 21 
9 TCIN 0.48 - na 6.01 17.3 5.14 30 
10 TCIN 1.03 - na 5.76 5.55 4.95 30 
11 TCIN 0.98 - na 1.77 5.69 3.56 21 
12 TCIN 0.99 - na 1.76 5.49 3.53 21 
13 TCIN 1.02 Fulvic 49.9 1.44 4.64 3.51 21 
14 TCIN 0.96 Fulvic 48.2 1.44 5.11 3.63 21 
15 TCIN 1.01 Fulvic 100 1.39 4.87 3.50 21 
16 TCIN 1.01 Fulvic 100 1.39 4.58 3.50 21 
17 TCIN 1.01 Fulvic 100 1.39 4.92 3.50 21 
18 TCIN 1.01 Fulvic 49.1 1.39 4.79 3.50 21 
19 TCIN 1.01 Fulvic 49.1 1.37 2.08 3.50 21 
20 TCIN 1.01 Fulvic 49.1 1.37 2.15 3.50 21 
21 TCIN 0.99 Humic 50.1 1.44 4.98 3.50 21 
22 TCIN 1.00 Humic 50.1 1.44 5.03 3.50 21 
23 TCIN 1.01 Humic 50.0 1.38 2.57 3.50 21 
24 TCIN 1.01 Humic 49.8 1.38 2.53 3.50 21 
25 TCIN 1.01 Humic 50.0 1.38 2.97 3.50 21 
26 TCIN 1.01 Humic 99.9 1.38 2.60 3.50 21 
27 TCIN 1.01 Humic 100 1.38 2.86 3.50 21 
a Liquid volume in experimental apparatus. 
b Experimental apparatus operated in open mode. 
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3.3.3 Analytical Methods 
Chlorothalonil at 98% purity was obtained from Chem Sen ice (Westchester. PA). All 
solvents used were Optima™ grade (Fisher Scientific, Springfield NJ). A TON stock solution 
w as made with Optima™ grade acetone and stored at 4°C in an amber glass bottle with a teflon 
lined cap. No further purification of the TCIN stock solution was made. Stock solution purity was 
periodically verified using mass spectrometry on a Hewlett Packard 5989 GC MS (Hewlett Packard 
San Fernando. CA). Figure 3.7. illustrates the chemical structure and mass spectrum of TCIN. 
Humic and fulvic acid stock solutions w ere made using unbuffered distilled deionized water. Freeze 
dried humic or fulvic acid (see Chapter 2) was weighed into a volumetric flask, stirred for a 
minimum of twelve hours, and stored at d'C in amber colored glass bottles w ith teflon lined caps. 
Ionic strength of the humic and fulvic acid solutions w as adjusted to 0.001M w ithin the reaction 
vessel prior to each experiment by adding the appropriate amount of 0.032 M potassium phosphate 
buffer solution. The pH of solutions containing acid sorbent at the close of each experiment w as 6.0 
± 0.2. Phenanthrene . 99.6% purity, was obtained from the U.S. EPA (Research Triangle. NC) and 
a 1.13 mg ml'1 stock solution was prepared with acetone. Standard solutions of TCIN and 
phenanthrene were made by serial dilution of the stock solution using n-hexane. Prior to GC 
analysis. 10 ul of 2-chlorolepidine in n-hexane at 208 ug ml"1 w as added as an internal standard to 
all standards and samples . 
Sorbent traps w ere constructed w ith Pyrex glass tubing having inner dimensions of 80 x 
8 mm (length x diameter). The ends of the traps w ere 6-mm O.D.. accepting a teflon ferrule and 
Swagelok™ connector. Tenax GR (Alltech Inc.. Deerfield. IL) was soxhlet extracted for 12 hours 
in methanol and in n-hexane. respectively. Traps w ere filled w ith 750mg ± 25mg of the soxhlet 
extracted Tenax. Ends of the traps w ere filled w ith soxhlet extracted glass w ool to retain the Tenax. 
Traps were conditioned at 200°C for twelve hours w ith purified He carrier gas at 5 psig and placed 
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m glass test tubes with teflon lined caps and stored in a freezer at -10sC. TCIN collected on the 
Tenax traps was extracted using approximates 220 ml of n-hexane pumped through the traps with 
a peristaltic pump fRanin Instrument Co. Inc. Woburn. MA) at 435 ml hr1. Trap eluent was 
collected in a 500-ml round bottom flask and reduced in volume using a rotary evaporator to 
approximately - ml The remaining sample was quantitatively transferred to a prev-eighed 4-ml 
amber v ial and reduced to approximately 500 ul under a gentle stream of N2. The internal standard 
was added, the sample was weighed, and sample volume recorded. Samples were stored at 4'C until 
analyzed. TCIN was quantified from trap extracts using GC/NPD or GC FID on a HP5890 gas 
chrcmatograph Hewlett Packard. San Fernando. CA). Sample injections of 2 pi with a 1-pl solvent 
plug were made manually to a split splitless injector at 25 CPC. The NPD detector temperature was 
held at 250C and bead current was set to 2"pA - 3pA. A 15-m DBS chromatographic column 
iJ&W Scientific. Folsom. CA ) was used for all analyses. Column oven temperature was 
programmed from 50-19CPC at 50s m:n': then from 190-210*C at 10' min'! w ith initial arid final hold 
times of 1 and 3 minutes respectively. Helium earner gas flow was set to 1.6 mJ min' by adjusting 
regulator pressure to 25 PSIG. Samples with phenanthrene were prepared identically but without 
an internal standard. Phenanthrene was quantified using spirt splitless injection at 2 8 (PC arid FID 
detection with the detector temperature at 280'<H. The sarr.e chromatograph.>c column was used and 
temperature programmed from 50-200®C at 401 min' . Column flow rate was the same as above. 
Chromatographic data was collected and analyzed using a computenzed HPChem Station data 
system Hewlett Packard. San Fernando, CA) Analyte concentrations were quantified using the 
internal standard method for TCIN and the external standard method for phenanthrene as described 
in EPA method 608 CU.S. EPA. 1988). 
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3.4 Results and Discussion 
3.4.1 Gas Purge Apparatus Operation 
Traps were changed after approximately 12 hours and four sets of traps were collected per 
experiment. The gas-purge apparatus could be operated in either an open or closed loop mode. In 
experiment 3 the apparatus was operated in the open mode. Prepurified N2 gas was purged through 
the vessel at 1.42x10‘2 m3 hr'1, the analyte was retained on the Tenax trap, and gas was allowed to 
vent to the atmosphere. Over the course of this experiment the volume of liquid in the vessel 
decreased from 250 ml to 215 ml. This problem was observed only in the open mode experiment 
and was corrected by operating the system subsequently in a closed mode. The analytical model 
(Equation 3.13.) assumes that volume is a constant with equilibrium based on concentration. Even 
though the total mass in the system is independent of volume, the additional complexity to the 
mathematical model was deemed unwarranted. All further experiments were operated in the closed 
mode and had no detectable loss of volume after 48 hours purge time. In experiments 1 and 2, 
where phenanthrene was used, trap changes were made after 15 minutes of purging. 
3.4.2 Analytical Method Development Tests 
Sorbent traps were tested for breakthrough in the purge mode using Tenax traps with a 
length of 50 cm operated in series during the first two experiments. The retention times and GC 
response in area counts for experiment 3 are given in Table 3.3. Minimum detection limit was 50 
ng ml'1. No TCIN was observed at the expected retention time in any of the secondary traps. 
Identical results were observed in experiment 4. Analyte removal efficiency for the first traps 
therefore was 100%. Additional losses beyond the pump on tubing and fittings were not likely 
because the Tenax traps were shown to be effective. Loss of solute due to gas leaks would have 
been evidenced by loss of water volume in the reactor vessel. No volume losses were observed in 
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Table 3.3. TCIN recovery from Tenax traps operated in series for experiment 3 with TCIN and no 
sorbent. 
Sample Trap Analyte Retention Time Area Counts 
Reference 
2-Chlorolepidine (2CLP) 2CLP 3.791 423 
TCIN Standard lppm TCIN 4.531 7145 
Experiment 1 
0-12 hours first 2CLP 3.795 34082 
TCIN 4.537 1821 
0-12 hours second 2CLP 3.784 27588 
TCIN - - 
12-24 hours first 2CLP 3.790 31356 
TCIN 4.539 327 
12-24 hours second 2CLP 3.777 26733 
TCIN - - 
24-36 hours first 2CLP 3.801 24595 
TCIN 4.548 850 
24-36 hours second 2CLP 3.802 25541 
TCIN - - 
36-48 hours first 2CLP 3.799 23357 
TCIN 4.544 416 
36-48 hours second 2CLP 3.811 23314 
TCIN - - 
anv of the experiments operated in the closed loop mode. Photolysis of TCIN in solution was 
prevented by wrapping the vessel in foil and photolysis is reported to only occur in aromatic 
solutions. 
Sample extraction and cleanup methodology was tested by spiking 25 pi of 10 ng pi TCIN 
to Tenax traps and measuring recoveries after extraction and volume reduction. Retention times and 
GC response in area counts are given in Table 3.4. The recovery study results showed a mean 
recovery of 106% with a range of 101 to 111% using the methodology described previously. The 
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error due to extraction and sample cleanup was assumed constant. The magnitude of the error 
deviation was not large with the c.v. less than 5% and no further corrections were deemed 
necessary. 
Table 3.4. TCIN recovery test. 
Sample Retention Time Area Counts 
Method Spike 4.847 9203 
Method Standard 4.945 10753 
Trap 4.901 (0.007)* 11396 (0.511) 
* Standard Deviation, n=3. 
3.4.3 Equilibration Method Tests 
The ability of the system to perform under the constraints of the experimental model was 
tested. To assess this, equilibrium between the aqueous and gas phases was evaluated. Henry's 
constants were measured experimentally with phenanthrene and compared to literature values. 
Phenanthrene was chosen because it is a stable compound, has a relatively high vapor pressure 
compared to TCIN, and can be measured easily using GC with flame ionization detection. 
Additionally, the solubility and vapor pressure of phenanthrene are well documented in the literature 
(Mackay and Shiu, 1981). A comparison of the measured Henry's constant with values given in the 
literature would be possible. In Figure 3.8. the experimental results from two gas purge studies, 
experiments 1 and 2 (A and B respectively), are presented. Figure 3.9. presents experimental 
desorption results compared to predicted desorption results calculated from published vapor 
pressure and solubility data. The experimental Henry's constant was calculated from the 
experimental slopes using Equation 3.13. The slope term is rearranged in Equation 3.23. and solved 
for Kh. Equation 3.24. is the solution for the Henry's constant with units kPa m3 mol'1, where R is 
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0.100 
0.075 - 
In cone = time b[1] + b[0] 
b[0] = 0.0671 
b[1 J = -0.0694 
Figure 3.8. Plots of aqueous solutions of phenanthrene at 1.066 ug ml'1 at flow rates of 
1.66x1 O'2 and 1.76x1 O'2 m3 hr'1 from duplicate experiments 1 (A) and 2 (B), 
respectively. 
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(3.23) H ■ Kh x R X T 
slope x V 
F 
(3.24) 
the ideal gas constant and T is temperature (K). The predicted Henry's constant was calculated from 
solubility and vapor pressure data (Mackay and Shiu, 1981). The predicted Kh plot was calculated 
from the predicted H and rearranging equation 3.24. The aqueous solution concentrations were 
calculated by subtracting the trap mass from the solution mass at time (to) and dividing by the 
constant volume. The Henry's constants are tabulated in Table 3.5. Mackay and Shiu (1981) report 
that the Henry's constant is 4.0 x 10'3 with a standard deviation of 0.7x1 O'3. The Henry's constant 
calculated from experiments in this study was 3.3x1 O'3 with a range from 3.02x1 O'3 to 3.62x1 O'3. 
This value was within one standard deviation of values obtained experimentally in the literature as 
well as those calculated from empirical constants also from the literature. Based on the results from 
the phenanthrene study it appears that the experimental methodology allows generation of accurate 
measures of vapor phase partition constants. 
Table 3.5. Henry's constants for phenanthrene and TCIN. 
Sw 
mol m'3 
V 
kPa 
H Calculated 
kPa m3 
H Experimental 
mol'1 
Phenanthrene 5.95xl0'5 3.3x10'3 
6.62x103a 2.67x10'3a 4.03xl0'3 3.98xl0'3a 
6.00x10'3a 4.45x1 O'3 3.65x10'3a 
TCIN 3.99x10'3 4.8x1 O'5 (1.7xl0'5)c 
4.51xl0'3b 6.54x10'8b 1.45x1 O'5 
3.38xl0'3b 6.54x10'8b 1.94x1 O'5 
a Data from Mackay and Shiu (1981). 
b Unpublished data, personal communication, J. French, ISK Biotech Corp., (1993). 
c Standard deviation, n=4. 
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To assess equilibration with TCIN, two system variables were manipulated to determine 
equilibrium maxima. The water column height or volume in the closed container was directly 
proportional to the travel distance for a gas bubble. Experiments were run with column heights of 
14, 21, and 30 cm, respectively. Figures 3.10. through 3.14. show the plots for the nine experiments 
with TCIN and no sorbent. Experiments 4 and 5 (Figure 3.10.) were conducted using 250ml liquid 
with a column height of 14 cm. Flow rate was set to approximately 1.5x1 O'2 m3 hr'1 (250 ml min'1). 
Experiments 6, 7, 8, 11 and 12 (Figures 3.11., 3.12 (A)., and 3.13.) were conducted using 350 ml 
liquid with a column height of 21 cm. Flow rate was varied across these experiments, with 1.5x1 O'2 
m3 hr'1 (250 ml min'1) in experiments 6 and 7, 8.5x1 O'2 m3 hr'1 (approximately 1400 ml min'1) in 
experiment 8, and 1.8x10'2 m3 hr'1 (300 ml min'1) in experiments 11 and 12. A 30-cm water column 
was used in experiments 9 and 10 (Figures 3.12 (B). and 3.14.) with approximately 500-ml liquid 
volume, and flow rates of 6.01xl0'2 (1000) and 5.76xl0'2 ( 960 ml min'1) m3 hr'1, respectively. A 
plot of the column height versus k23 is presented in Figure 3.15(A). Linear regression analysis of 
the data yielded the following equation Y = 3.09xl0'4 - 6.01xl0'5 X (r2 = 0.58) with the slope term 
significant at the 0.05 level. Hass and Kaplan (1985) reported that when the gas diffusion tube was 
extended below 14.5 cm of the liquid surface, gas bubbles traveling up the water column fully 
equilibrated with the liquid solution. Yin and Hassett (1986) suggest that for each 10 cm of travel 
distance the system reaches an additional 80% towards equilibrium. Based on these assertions, 
experiments conducted with a 21-cm water column, would have been at 96% of equilibrium. It can 
be expected that k23 would become asymptotic beyond 21 cm because only a small additional gas 
phase solute would be removed with increased column height. While the trend indicated in Figure 
3.15(A). does not appear asymptotic; experiments 9 and 10, with column heights increased to j0 
cm, also had higher flow rates resulting in increased loss rates, confounding the results of the 
column height test. Figure 3.15 (B). illustrates the general increase in loss rate k23 as a function of 
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Figure 3.10. 
0 10 20 30 40 50 
Hours 
Plots with 1.47x1 O'2 m3 hr’1 flow rate, 250 ml volume, and 14 cm column height, 
using aqueous TCIN at 1 ug ml"1 in experiments 4 (A) and 5 (B). 
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Figure 3.11. 
0 10 20 30 40 50 
Hours 
Plots with 1.44x10‘2 m3 hr'1 flow rate, 350 ml volume, and 21 cm column height, 
using aqueous TCIN at 1 ug ml'1 in experiments 6 (A) and 7 (B). 
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Figure 3.12. Plots using aqueous TCIN at 0.5 ug ml, in experiment 8 (A) with 8.57xl0'2 mJ 
min'1 flow rate, 350 ml volume, and 21 cm column height, and in experiment 9 (B) 
with 6.0lxlO'2 m3 hr'1 flow rate, 500 ml volume, and 30 cm column height. 
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Figure 3.13. 
In cone = time b[1] + b[0] 
b[0] = -1.4950x1 O'2 
b[1] =-7.2324x1 O'4 
r2 = 0.9855 
0 10 20 30 40 50 
Hours 
Plots with 1.77x1 O'2 m3 hr'1 flow rate, 350 ml volume, and 21 cm column height, 
using aqueous TCIN at 1 ug ml'1 in experiments 11 (A) and 12 (B). 
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Figure 3.14. Plot with 5.76x1 O'2 m3 hr1 flow rate, 500 ml volume, and 30 cm column height, 
using aqueous TCIN at 1 ug ml'1 in experiment 10. 
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Flow Rate (m3 hr'1) 
Figure 3.15. Column height (A) and flow rate (B) versus k23 for TCIN without acid sorbent 
showing increase in loss rate (more negative k23) with increases in column height 
and flow rate. 
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flow rate. The loss rate was analyzed using linear regression yielding a poor fit (r2 = 0.06). The 
results from experiment 8 where the measured value was well below its predicted level are 
responsible for the low correlation. The results of this experiment are questionable because it is 
suspected that the shorter column height used (21-cm) resulted in a lower loss rate than with the 
30-cm column height. Additionally, contact between the gas and aqueous phases may have been 
lower because bubble size was observed to be larger. Larger bubbles would also have increased 
upward velocity resulting in lower contact times. Upon removing the experiment 8 result, the 
regression model Y = -5.62xl0'4 - 0.0018 X yielded an r2 of 0.65. 
Henry's constants were calculated from gas-purge experiments of TCIN without sorbent. 
The values were calculated as described for phenanthrene. The TCIN experimental H was 4.8x10'5 
kPa m3 mol'1 (s= 1.7x1 O'5, n=4). It was calculated from experiments with a 21-cm column height 
and the lowest flow rates (experiments 6, 7, 11, and 12). This value was within the same order of 
magnitude of the calculated Henry's constant. Given TCIN's low vapor pressure, we are satisfied 
with the level of accuracy and low error (c.v. = 36%) . Mackay and Shiu (1981) report in their 
studies with phenanthrene, which has a vapor pressure two orders of magnitude higher than TCIN's, 
a coefficient of variation as high as 18%. The experimental system appears acceptable for satisfying 
the experimental model requirement that equilibrium is attained. While the experimental Henry’s 
constant was approximately twice the value obtained from literature values for solubility and vapor 
pressure, our estimate appears satisfactory for executing the desorption studies. 
3.4.4. Chlorothalonil Desorption Studies 
Desorption studies were conducted in experiments 13 through 27 (Table 3.2.) using aquatic 
humic and fulvic acids obtained from a cranberry bog (see Chapter 2). Solutions of TCIN at 
approximately 1 ug ml'1 were equilibrated with either fulvic or humic acid at 50 or 100 ug-acid ml'1, 
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approximately equivalent to 25 and 50 ug-DOC ml1. Combined solutions were equilibrated at 25°C 
± 0.1°C, mixed with a teflon stir bar, and purged at 1.4x1 O'2 m3 hr1 (250 ml min1). Purging was 
operated in the closed loop mode during equilibration with the trap section bypassed at the 4-way 
valve (see Figure 3.6.). The flow was diverted through the Tenax traps after twelve hours. Four 
traps were used per experiment, each changed after approximately twelve hours. Analyte collected 
on the traps was quantified as previously described (see section 3.4.4.) and solute concentration was 
determined by difference between starting solution mass and trap mass. 
Fulvic acid was used in experiments 13 through 20, and humic acid was used in experiments 
21 through 27. In all desorption experiments, the variation for column height and solute 
concentration was less than 1.5%. Variation in pressure differential, i.e. the deviation from 
atmospheric pressure as measured with the tensiometer, between experiments was 0.005% (x = 
5.27x1 O'4 kPa, s = 3.8lxlO'4 kPa, n=24) relative to atmospheric pressure (101 kPa). The pressure 
differential was not considered significant. The slope value from desorption plots, used to calculate 
log Kdoc, was normalized to uniform flow and volume, but not for pressure or solute concentration 
using Equations 3.25. and 3.26., where Kb, F, V, and KD0C are as previously defined, Kh is the 
Kb 
-F x K. 
-— -1 
Slope x V 
(3.25.) 
loB kdoc - loB 
Kb x 106 
Sorbent C 
(3.26.) 
unitless Henry's coefficient for TCIN in the absence of sorbent, and Sorbent C is the sorbent fraction 
in g-sorbent g-water'1. Differences in initial solute concentration were also not considered to be a 
significant factor in prediction of the desorption constant, as previously detailed. 
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Plots of TCIN desorption from fulvic acid solutions are presented in Figures 3.16., 3.17., 
and 3.18. Experiments 13 and 14 (Figure 3.16.) were conducted with 50 ug-fulvic acid ml'1 or 25 
ug-DOC ml'1 at flow rates of about 1.44x1 O'2 m3 hr'1 (250 ml min'1). Experiments 15, 16, and 17 
(Figure 3.17) were performed with similar concentrations but at slightly lower flow rates of 1.39x10' 
2 mJ hr'1 (230 ml min1). Results from the TCIN desorption experiments are presented in Table 3.6. 
Table 3.6. Results from desorption experiments with TCIN equilibrated with fulvic and humic acids 
indicating experimental conditions and partition constants. 
ACID Sorbent C 
ug ml'1 
Fraction 
organic C 
xlO'5 
Flow 
m3 hr'1 
xlO'2 
Volume 
m3 
xlO"4 
Slope 
hr'1 
xlO'4 
Kb K-doc l°g Kdoc 
Fulvic13* 49.9 2.46 1.44 3.51 -5.940 0.333 6681 3.83 
Fulvic14 48.2 2.38 1.44 3.63 -7.296 0.051 1050 3.02 
Fulvic15 100 4.94 1.39 3.50 -1.819 3.200 32004 4.51 
Fulvic16 100 4.94 1.39 3.50 -1.526 4.002 40018 4.60 
Fulvic17 100 4.94 1.39 3.50 -2.577 1.967 19665 4.29 
Fulvic18 49.1 2.42 1.39 3.50 -2.353 2.247 45783 4.66 
Fulvic19 49.1 2.42 1.37 3.50 -1.996 2.788 56817 4.75 
Fulvic20 49.1 2.42 1.37 3.50 -2.986 1.533 31242 4.50 
Humic21 50.1 2.57 1.44 3.50 -5.306 0.498 9934 4.00 
Humic22 50.1 2.57 1.44 3.50 -5.834 0.362 7230 3.86 
Humic23 50.0 2.56 1.38 3.50 -2.586 1.930 38597 4.59 
Humic24 49.8 2.55 1.38 3.50 -2.087 2.630 52819 4.72 
Humic25 50.0 2.56 1.38 3.50 -0.188 39.36 787554 5.90 
Humic26 99.9 5.13 1.38 3.50 -1.448 4.234 42368 4.63 
Humic27 100 5.13 1.38 3.50 -5.232 0.450 4497 3.65 
* Experiment number. 
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Figure 3.16. 
Hours 
Desorption plots for TCIN at 1 ug ml'1 with fulvic acid at 25 ug-DOC ml'1, 
1.44xl0'2 m3 hr'1 flow rate, 350 ml volume, in experiments 13 (A) and 14 (B). 
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Figure 3.17 
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Desorption plots for TCIN at 1 ug ml'1 with fulvic acid at 25 ug-DOC ml'1, 1.37x10 
m3 hr'1 flow rate, 350 ml volume, in experiments 18 (A), 19 (B), and 20 (C). 
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Figure 3.18. 
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Desorption plots for TCIN at 1 ug ml'1 with fulvic acid at 50 ug-DOC ml'1, 
1.39x1 O'2 m3 hr'1 flow rate, 350 ml volume, in experiments 15 (A), 16 (B), and 17 
(C). 
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Mean log Kqqc for fulvic acid at 25 ug-DOC ml"1 was 4.2 with a standard deviation equal 
to 0.7 (n=5) (Table 3.7.). While differences in flow rate and volume were normalized in the 
calculation of log Kpoc, the coefficient of variation was 17.6%. Plots from experiments 15, 16, and 
17 are shown in Figure 3.18. The mean log value at 100 ug-fulvic acid ml'1 or 50 ug-DOC ml"' 
was 4.5 with a standard deviation of 0.2 (n=3). TCIN desorption plots with humic acid in 
experiments 21, 22, and 23 through 25 are shown in Figures 3.19. and 3.20. at approximately 50 ug- 
humic acid ml"1 or 25 ug-DOC ml"1. Average log from the five replicates was 4.6 with standard 
deviation equal to 0.8 (n=5). Experiment 25 (Figure 3.20(C).) had a notably lower slope, 1.5 
standard deviations from the mean. Desorption plots for TCIN with humic acid at 100 ug ml"1 or 
approximately 50 ug-DOC ml"1 are shown in Figure 3.21. Mean log KDOC from these experiments 
was 4.1 (n=2). An analysis of variance test was performed to compare means of KDOC between acid 
types and concentrations (SYSTAT Inc., 1992) (Table 3.8.) and no significant difference was 
observed between values with humic or fulvic acid (p = 0.864). Differences between acids 
were assumed to be due to variations in molecular size and functionality. The lack of binding 
Table 3.7. Means and standard deviations for fulvic and humic acid log KD0C values. 
l°g Kdoc 
Sorbent Concentration 
ug-DOC ml^Acid 
Fulvic Acid 
Mean s Mean 
Humic Acid 
s 
25 4.2 0.7 (n=5) 4.6 0.8 (n=5) 
50 4.5 0.2 (n=3) 4.1 - (n=2) 
Total 4.3 0.6 (n=8) 4.5 0.8 (n=7) 
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Hours 
Figure 3.19. Desorption plots for TCIN at 1 ug ml'1 with humic acid at 25 ug-DOC ml'1, 1.44x10'- 
m3 hr'1 flow rate, 350 ml volume, in experiments 21 (A) and 22 (B). 
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Figure 3.20. 
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Desorption plots for TCIN at 1 ug ml'1 with humic acid at 25 ug-DOC ml'1, 1.38x10': 
m3 hr'1 flow rate, 350 ml volume, in experiments 23 (A), 24 (B), and 25 (C). 
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Figure 3.21. Desorption plots for TCIN at 1 ug ml' with humic acid at 50 ug-DOC ml , 
1.38x1 O'- m3 hr1 flow rate. 350 ml volume, in experiments 26 (A) and 27 (B). 
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Table 3.8. Analysis of variance for log KDOC 
DEP VAR: log KDOC N: 15 MULTIPLE R: 0.336 SQUARED MULTIPLE R: 0.113 
SOURCE SUM-OF-SQUARES DF MEAN-SQUARE F-RATIO P 
Acid 0.015 1 0.015 0.031 0.864 
Concentration 0.020 1 0.020 0.042 0.842 
Acid * Concentration 0.504 1 0.504 1.054 0.327 
Error 5.256 11 0.478 
coefficient differences between the two acids may be an artifact of method sensitivity. The 
variation in log for the humic acid desorption studies was greater than that for fulvic acid, with 
coefficients of variation of 13.3% for fulvic acid and 16.8% for humic acid. Given the variance for 
the humic acid, differences between the two acids may be obscured. Another explanation may lie 
in the lack of differentiation between molecular size distributions. Data reported in Figure 2.7. 
(Chapter 2) show only modest differences in size distribution. While large differences between 
terrestrial humic and fulvic acid average molecular size distribution are common, these differences 
are typically smaller for aquatic humic materials because they tend to be more polar. Additionally, 
the extraction method may have biased the resulting material properties. Since the extraction 
column was operated for extended lengths of time prior to back elution, some of what should have 
been included in the fulvic acid fraction was lost. This fraction would have been more polar than 
what was retained and the resulting fulvic acid fraction may be more hydrophobic. Figure 3.22. 
illustrates the variation in KD0C by concentration. Regression analysis fitted for the data did not 
result in a significant slope term between fulvic and humic acid concentrations, with r values of 
0.06 and 0.03, respectively. Means for fulvic and humic acid log KD0C were 4.3 (s = 0.6, n=8) and 
4.5 (s = 0.8, n=7), respectively. These findings are consistent, since differences observed in log 
KDOc over DOC concentration are normalized for DOC concentration. Analysis of variance con- 
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firmed the finding that the concentration factor was not significant (p = 0.842). Figure 3.23. shows 
a strong dependance on concentration for Kb as was expected prior to normalization for DOC 
concentration. The presence of additional DOC resulted in a high fraction of solute in the sorbed 
phase versus the free aqueous phase. A significant increase in Kb was observed for both acids with 
increasing DOC concentration. The slope of the humic acid Kb plot is notably less than the slope 
of the fulvic acid plot. This may be the result of humic acid self binding as has been suggested by 
Melcer et al. (1987). It was noted that Kb and log KD0C values from experiment 25 were an order 
of magnitude different from other values in the group and therefore were excluded from the two 
previous analyses to improve curve fitting. It is hypothesized that results from this experiment were 
biased by the presence of small floes observed in the fulvic acid-TCIN solution after equilibration. 
Overall means and analysis of variance tests were, however, inclusive of all 15 desorption 
experiments. 
Several points of interest are raised when published soil log values are compared to the 
measured log values. In these studies, log was one order of magnitude greater than those 
measured for soil. While differences in binding coefficients were expected between soil organic 
carbon and aquatic organic carbon sources, an inverse relationship was predicted. Some 
unpublished studies suggest that ratios between and KD0C fall between 10:1 and 3:1 (personal 
communication, Cary Chiou, U.S. Geological Survey, Denver, CO,. 1994). This inconsistency may 
be due to several factors. The binding constants measured in this study were for strong hydrophobic 
fractions of aquatic DOC and not the total DOC source. It is logical that log K^c would be 
significantly lower given a sorbent with a high fraction of polar compounds, simple carbohydrates 
for example . The resin used in the extraction process yielded approximately 25% of the total 
organic carbon. Thus allowing what is believed to be a significant polar fraction to pass freely 
through the column. Additionally, the capacity factor for the column was exceeded several times, 
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Figure 3.23. 
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Binding coefficient versus fraction dissolved organic carbon for 
fulvic and humic acid. 
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as discussed in Chapter 2. By pushing the carbon holding capacity of the column, preference was 
for the hydrophobic acids. Therefore, the hydrophobicity of the material used in this study was 
greater than should be expected for aquatic DOC. Another explanation for the greater binding 
observed with these acids than in soils are conformational differences due to ionic strength of the 
solution. Although ionic strengths in the soil based studies were not reported, these studies used a 
low ionic strength (0.001 M) possibly resulting in a more open molecular structure. 
Little discussion regarding mechanisms has been presented thus far. In part this is due to 
the notion that binding to aquatic materials is dominated by hydrophobic partitioning or weak Van 
Der Waals forces (Chiou et al., 1986). An important assumption in the equilibrium model is that 
binding is instantaneous. This assumption would not necessarily hold if diffusive processes were 
involved in binding mechanisms. It is reasonable that at low ionic strength the conformational 
structure of the acids is an open form. Therefore, binding is predominantly a surface phenomenon, 
consistent with weak hydrophobic forces. In addition, the linearity of the binding constants observed 
in Figure 3.23, is consistent with constant partitioning from isotherm analysis (Sposito, 1989). 
Functionality in humic substances is a subject of broad interest and study (Chiou and Kile, 
1994; Saiz-Jimenez, 1994; Saiz-Jimenez et ah, 1993; and Xing et ah, 1994). Prediction of organic 
contaminant partitioning with organic acids has previously been based on KoW and polarity indices 
(Chiou and Kile, 1994; Xing et ah, 1994). Thus far, predictability based on effective polarity along 
with KqW have proven useful for some soils and nonionic contaminants. Chiou and Kile (1994) and 
Briggs (1981) report that log KOM values for compounds such as benzene, ethylbenzene, 
trichlorobenzene, tetrachlorobenzene, hexachlorobenzene, and naphthalene are typically an order 
of magnitude lower than their respective log Kow values. Briggs (1981) suggests that values for log 
KoM and log KoW are more comparable for polar compounds and pesticides. A comparison of log 
KoW for TCIN shows a strong divergence from the previous statements. Where log Kow for TCIN 
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is 2.88, an order of magnitude lower than log and log values. These inconsistencies point 
most conclusively towards a thread which intertwines most research in contaminant binding to 
organic matter, namely the extensive variability in organic carbon sorbents from soil organic matter, 
and the dissolved organic carbon from soil or aquatic systems. 
Procedural differences may contribute to the variability in binding coefficients. Sensitivity 
analysis was performed on the most likely source of error for the gas purge method. A review of 
desorption plot slopes revealed that experiments conducted at 1.44x1 O'2 m3 hr'1 had slopes two to 
three times that of experiments run at 1.38x1 O'2 m3 hr'1. For this reason, log values for the two 
acids were reevaluated with the flow rate varied by ±10% in the model used to calculate Kb 
(Equation 3.23.). The 10% error was chosen because it is the manufacturer's suggested error in the 
flow measurement device (Ace Glass Inc, Vineland, NJ). The ranges of log KDOC were 4.3 (0.6) to 
4.4 (0.6) and 4.5 (0.8) to 4.6 (0.7), for fulvic and humic acids, respectively (standard deviations in 
brackets). These ranges equate to small deviations from the mean log values of ± 0.1 for fulvic 
acid and humic acid and are less than one standard deviation of the means calculated using measured 
flow rates. 
The significance of binding of TCIN to dissolved humic substances in the aquatic system 
can be assessed by applying the partition constants to environmental conditions. For example, where 
log Kdoc has an approximate value of 4, the solubility enhancement of 10 mg l'1 DOC is equivalent 
to a 10% increase in solubility. In contrast, a soil log Koc of 4, where soil organic carbon may be 
5%, would equate to a 500-fold increase in concentration. The log KD0C's for aquatic fulvic and 
humic acid, applied to a conservative 25 mg l'1 DOC system would result in 45% and 76% increase 
in solubility, respectively. Given the range of DOC concentrations observed in cranberry bogs, the 
TCIN concentration may increase by as much as a factor of 2. Where toxicity to amphibians and 
fish occurs at concentrations in the ug l'1 range, the effects of DOC binding may be significant. 
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While these studies evaluated the "most" hydrophobic fraction of DOC, the moderately non-polar 
fractions excluded in the extraction process may add to the sorption of TCIN. Furthermore, other 
sorbing materials not evaluated in this study, such as sediments, may also contribute to solubility 
enhancement. Based on the findings reported herein, the variability in DOC concentrations should 
be considered when evaluating KD0C values to estimate TCfN concentrations in cranberry bog water. 
3.5 Conclusions 
Gas-purge desorption experiments were conducted to determine binding constants for TCIN 
with aquatic fulvic and humic acids. Henry's constants were derived from published solubility and 
vapor pressure data in order to evaluate the gas-purge model. Experimental results for gas phase 
partitioning of TCIN yielded slightly differing H values from calculated values, 4.8xl0'5 versus 
1.45x1 O'5 kPa m3 mol'1, respectively. The ability of the experimental apparatus to predict H was 
checked using phenanthrene with a calculated Henry's constant 2 orders of magnitude greater than 
TCIN. Experimental and literature values for H were 3.3xl0'3 kPa m3 mol'1 and 3.97xl0'3 kPa m3 
mol'1, respectively. It was determined that the gas phase and aqueous phase were near equilibrium 
when the gas flow rate was approximately 1.7x1 O'2 m3 hr'1 and the column height was 21 cm. 
Experimental Henry's constants compared favorably to literature values and were within one 
standard deviation of experimental measurements made by Mackay and Shiu (1981). 
Binding constants based on DOC (log KD0C) for TCIN were 4.3 for fulvic acid and 4.5 for 
humic acid. Log KDOC for the acids were not statistically different from one another (p=0.864). Soil 
log KoC values reported to range from 3.11 to 4.15 were as much as an order of magnitude lower 
than binding constants with the aquatic humic substances. Although the relationship between KqC 
and Kqqc is reported to be 10:1 to 3:1, the relative hydrophobicity of the humic fractions may have 
101 
been responsible for the strong binding. Additionally, the low ionic strength of the experimental 
solutions may have contributed to more open structure providing more binding sites. The 
relationship between KDOC and KoC to KqW was in conflict with what is presented in the literature. 
Kqw for several nonionic compounds were always higher than their respective KDOC values (Chiou 
et al., 1986). TCIN, in contrast, had a lower log Kow than both its log KoC and log KDOC. There is 
no apparent explanation for this inconsistency. No evidence of rate limited desorption was exhibited 
in desorption plots suggesting that binding mechanisms were limited to hydrophobic bonding or 
weak Van Der Waals forces. Evidence of these phenomena is not strong. However, further study 
of temperature effects on binding should show whether the reaction was low or high energy. 
Results from this study show strong binding potential for TCIN to aquatic humic substances. 
Although mechanistic processes are not Hilly resolved in this work, evidence points to hydrophobic 
partitioning similar to solubilization of organic compounds by surfactants (Chiou et al., 1986). In 
general, concern regarding migration of contaminants through soil is allayed where solute binding 
is high. However, the reverse it true where binding to dissolved organic carbon is high. The relative 
binding potential corresponds to increased solubility in the aqueous system. Toxicity levels for 
organic contaminants may exceed solubility in pure water but may be exceeded by several orders 
of magnitude in the presence of sorbents. Application of KD0C values to environmental conditions 
observed in cranberry bogs, where DOC concentrations range from less than 1 mg l"1 to 35 mg l'1, 
equate to solubility enhancement of less than 1% to 100%. For this reason, application of soil 
partition coefficients to aquatic systems may underestimate solubility enhancement due to DOC. 
Continued research should identify inconsistencies in predictors normally used to evaluate 
partitioning values, namely log KoC Kdoc, and log KoW. 
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CHAPTER 4 
SUMMARY AND CONCLUSIONS 
In this work, the use of the fungicide chlorothalonil (TCIN) on cranberry crops in eastern 
Massachusetts was targeted as an activity where significant impact on the environment has been 
reported (personal communication, K. Deubert, University of Massachusetts, Cranberry Research 
Station, 1991). Deubert reports measurable quantities of TCIN in water collected from bogs, and 
frog and fish kills after applications of the fungicide. Clark et al. (1993) report that the use of 
adjuvants (stickers) in spraying practices was effective at reducing off-site contamination. However, 
their research was unable to quantify contamination to surface waters, due to experimental 
deficiencies. Other mechanisms of contamination, i.e. migration of contaminants through soil, have 
not been investigated or are inconclusive (Winnett et al., 1990a). 
Numerous studies have been conducted on the interaction of contaminants with soil organic 
mater, sediments, and dissolved organic carbon (DOC). In particular, the importance of DOC as a 
mechanism by which very insoluble organic compounds, such as DDT, become more soluble, has 
been proposed (Chiou et al., 1986). It is reasonable that strong hydrophobic compounds, such as 
TCIN are relatively immobile in soils. However, it is hypothesized that dissolved organic acids may 
enhance solubility and thereby provide a mechanism by which TCIN is transported through the soil. 
A survey was conducted of five cranberry bogs in Plymouth and Barnstable Counties, 
Massachusetts showing that DOC concentrations ranged from 0.72 to 29.8 mg l'1. From the survey, 
a suitable site for collection of bog water was selected at Dodge Bog in Harwich, Massachusetts. 
Four hundred liters of bog water were taken from a spillway and humic and fulvic acids were 
isolated using adsorption chromatography. Acids were purified using ion exchange chromatography 
and freeze dried resulting in a low ash product. Elemental analysis of the two acids indicated 
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differences in C, H, N, and O that were consistent with elemental ratios of aquatic humic substances. 
The oxygen content in these humic and fulvic acids appeared similar, whereas, terrestrial acids, 
fulvic acids generally have higher oxygen contents. This relationship in aquatic acids is consistent 
with their solubility. Infrared spectra of both acids were similar to other type I and II humic and 
fulvic acid spectra, specifically with respect to C=0 stretching of carboxyl and ketonic groups. The 
fulvic acids showed slightly greater carboxyl C=0 stretching, while neither acid showed strong 
evidence of aromatic C=C stretching. Data from ultrafiltration revealed that the humic acid fraction 
had roughly 53% greater than 10000 MWCO. Whereas, the fulvic acid fraction had 71% less than 
10000 MWCO. These findings are consistent with the notion that humic acids are larger in size than 
fulvic acids. The extent of aromatic structure and substituent conjugation to aromatic bonds were 
evident from UV absorbance at 400 and 254 nm. The aquatic humic acids showed greater 
conjugation than the fulvic acids, but both showed less than the soil humic acids from Aldrich. 
Titrations with 0.02 N NaOH indicated strong buffering between pH 3.5 - 4.5 and 9.5 - 10.5 
consistent with OH and carboxylic acid groups, respectively. 
Methods for predicting solute interaction are often based on solubility measurements or 
partition constants, Kow for example. Correlations for Kow and Koc are well established but 
rudimentary. In addition, Koc values for TCIN, generated by ISK Biotech Inc. the manufacturers 
of TCIN, do not correlate well with reported KqW values. Therefore binding studies were conducted 
to measure with humic substances from cranberry bog water. Gas-purge methods were chosen 
over other sorption/desorption measurement techniques, including: classical batch isotherm, dialysis, 
ultrafiltration, and HPLC, because it allowed measurement of dissolved sorbent interactions with 
high sensitivity for low vapor pressure analytes such as TCIN. Model development required 
accurate measure of the vapor phase partition coefficient or the Henry's constant (H). The gas-purge 
apparatus was tested using phenanthrene to assess its ability to measure H. The experimental H from 
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purging phenanthrene was 3.35 x 10’3 kPa m3 mol1, compared to the published value of 4.0 x 10'3 
kPa m3 mol1. Henry's constants derived from gas-purge studies were consistent with calculated 
values from solubility and vapor pressure, where the mean H was 4.8xl0'5 kPa m3 mol’1 (s=l .7xl0'5, 
n=4). 
Desorption studies were conducted with humic and fulvic acid at 25 and 50 mg-DOC l1. 
Results showed mean log values of 4.3 (s=0.6, n=8) and 4.5 (s=0.8, n=7) for fulvic and humic 
acids, respectively. There were no significant differences in the log values between fulvic and 
humic acid. These values deviated from log Koc values reported by ISK Biotech Inc. by as much 
as 1.5 orders of magnitude. The relationship between Koc and KD0C did not conform to reported 
ratios of 10:1 to 3:1. It is hypothesized that selection of the strong hydrophobic humic fractions 
during the purification process was responsible for greater binding. The low ionic strength of 
experimental solutions may have produced an open structure to the molecules providing more 
binding sites. The KDOC values were greater than KoW values, conflicting with expected results. No 
apparent explanation for this is available, however, it was noted that the Koc from ISK Biotech Inc. 
was also higher than reported Kow values. 
Consideration must be given to potential errors associated with the binding constants 
presented herein. Measurements made to validate the gas purge model indicated equilibration of the 
aqueous and gas phases under the experimental conditions. If equilibration time was not long 
enough to permit the sorbent to fully equilibrate with the free aqueous TCIN, the binding constant 
would be underestimated. However, in these studies the binding constant appears higher than 
expected. Therefore, solute/sorbent equilibration time appears to have been adequate. Additional 
errors can be attributed to variance in the experimental apparatus and solute measurement. 
However, these errors are small compared to the order of magnitude difference between KD0C and 
Koc values. Based on our results, binding is rapid compared with aqueous to gas phase transfer 
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rates. This feature would make attempts to estimate rates of binding unattainable utilizing the gas- 
purge method. Rapid binding is also suggestive of hydrophobic partitioning or weak Van Der Waals 
forces as binding mechanisms, consistent with currently held beliefs regarding dissolved organic 
acid interactions. Utilization of solubility enhancement techniques may be a simpler and more direct 
method for determining binding constants at equilibrium, because rate limited desorption was not 
observed. Rate limited desorption is believed to be a factor in binding with soils and sediments, but 
not dissolved organic acids. 
Application of results from this study should be preceded by further analysis of binding 
constants utilizing an alternative method to the gas-purge method, such as solubility enhancement 
for example. The strong binding potential for TCIN to aquatic humic substances corresponds to 
increased solubility in the aqueous system and potentially toxic levels in the presence of sorbent. 
Our experiments do identify inconsistencies in predictors normally used to evaluate partitioning 
values, namely the KoC and KqW. Kdoc values for fulvic and humic acids, obtained in our studies, 
correspond to a doubling in solubility where DOC concentrations approach 35 mg l'1. Fulvic acid 
would only add 20% to the solubility at 10 mg l'1 DOC and humic acid would add 60% at 10 mg l"1 
DOC. In contrast, use of soil values to aquatic systems with 10 mg l'1 DOC, would suggest 
addition of 1.6% to 14% to the solubility. 
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APPENDIX 
SOLUTE MOVEMENT IN LAYERED CRANBERRY BOG SOILS 
Summary 
Bog soils used for cranberry production often are stratified with alternating layers of organic 
material and coarse sands. This study was designed to assess the potential for hydraulic by-passing 
in cranberry bog soils and to assess the possibility that horizontal water movement in cranberry bogs 
is responsible for pollution to surface waters around the bogs. Flow paths and residency times were 
assessed in natural and artificial column studies using fluorescein dye and potassium bromide 
solution (KBr). Data from columns examined under laboratory conditions suggest that under 
unsaturated soil water conditions water movement is predominantly in the vertical direction. 
However, significant bypassing was observed in field columns repacked in the laboratory. The 
usefulness of fluorescent dyes in cranberry bog soils with high organic matter to simulate transport 
was questionable based on the low visibility of the dyes in the field packed columns. Fluorescein 
disodium salt applied to natural soil columns did not move more than 1 - 2 cm in depth. It is 
hypothesized that the high organic matter content in the soil will bind nonpolar compounds readily. 
Residency times for columns loaded at rates 10 to 100 times the average chemigation loading rates, 
were 7 to 21 days for a 30-cm depth, extrapolated from breakthrough curves. It is further 
hypothesized that TCIN contamination to surface waters around cranberry bogs may results from 
rapid movement of organic acid bound particles or from airborne contamination during application 
to the bogs. These conclusions are based on the following observations: 1) the binding of TCIN to 
organic matter is believed to be very strong, 2) the organic matter content in the upper part of 
cranberry bog soils is substantial and almost 100% below a depth of about 30 cm, and 3) the 
residency time at average chemigation flow rates (0.5-mm; 3-hour event) must be very long. 
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Further research should address limitations in available data regarding TCIN physical chemistry and 
binding potential to compounds that are observed in cranberry bog systems. 
Introduction 
Transport of contaminants in soil is a subject of significant importance. In agricultural soils, 
the fate of pesticides may significantly impact on the efficacy of the chemical treatment and 
pollution potential to ground and surface waters. Water flow in soils is often assumed to be 
unidirectional. This assumption, used in models such as CMLS, PRIZM, and LEACHM, 
compartmentalizes the soil system into vertical "boxes" and parameters such as adsorption, chemical 
and biological degradation, may be applied without spatial dependency. This assumption may be 
incorrect when flow of water is not unidirectional or uniform in distribution. Saturated water flow 
is not necessarily vertical in layered soils and a horizontal component may be significant, whereas, 
unsaturated flow is often vertical. This is of particular interest in soils which have discontinuities 
in soil texture and structure. Massachusetts and New Jersey cranberry bogs are sanded every 4-5 
years to encourage new growth and control weed plants, resulting in layered soils with bands of 
medium to coarse sand 3-4 cm thick with about 5% OM separated by peat layers of variable 
thickness. Continuous non-stratified well decomposed peat generally starts at about 30 cm. 
Drainage ditches surrounding planted fields maintain a constant level of water 30 to 40 cm below 
the soil surface. Cranberry production in Massachusetts requires large amounts of water for 
irrigation, fertigation, chemigation and harvest, and is typically 275 cm per year including 
precipitation. The movement of water and its associated flow patterns through the cranberry bog 
soil column are of special interest. This study was designed to evaluate the flow paths of water in 
unsaturated stratified layers of cranberry bogs. The specific objective of this project was to evaluate 
possible travel pathways of contaminants in natural cranberry bog soils. It is hypothesized that flow 
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under unsaturated conditions will be in the vertical direction. If so, the application of transport 
models which assume unidirectional flow is justified. Additionally, a finding of no significant 
horizontal movement will support research suggesting that groundwater pollution as a result of 
vertical migration of pollutants is not significant (personal communication K. Deubert, University 
of Massachusetts, 1991). 
Solute movement in soils may be measured by tracing conservative, unabsorbed solutes in 
the soil solution (Kurtz and Melsted, 1973). Time course studies are suitable for deriving pore water 
velocity, in contrast to measuring hydraulic conductivity. Flow pattern or flow distribution is 
difficult to measure without heavily instrumenting a small area and disturbing the soil. Dyes 
however, when used properly, can give the spatial distribution of water conducting soil pores as well 
as indicate paths of flow. 
Previous Work 
Dyes have been used to trace water flow in aquifer material, time travel and flow dispersion 
in rivers, and point dilution in wells (Smart and Laidlaw, 1977). Numerous investigators have used 
dyes to study flow regimes in soil. Flow paths of water were investigated by Bouma and Dekker 
(1978). They used methylene blue, a strongly adsorbed dye, to mark transporting soil pores in a 
profile. Ehlers (1975) and Omati and Wild (1979b) used ultramarine blue and aniline blue 
respectively, to mark water conducting earthworm channels. Strongly adsorbent dyes are useful 
where infiltration rates are relatively rapid. They may travel to depths of up to 1 meter. Stability 
of dyes is generally not an issue since travel distances are short and infiltration rates are rapid. 
However, use of pyranene fluorescent dye is not recommended for studies which exceed 24 hours 
(Omoti and Wild, 1979a). Acid dyes form anions in the soil and are not affected by cation exchange 
capacity. Acid dyes are more suitable for acid soils than basic dyes. Fluorescein disodium salt has 
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been used since the early 19th century (Smart and Laidlaw, 1977). Fluorescein is detectable to 1 part 
per billion with the naked eye (Quinlan, 1986), however, it is somewhat subject to photo¬ 
decomposition in sunlight. Pyranene is an excellent tracer due to minimal adsorption and high 
stability characteristics. It is reported to follow water movement most closely providing there is no 
decomposition (Reynolds, 1966). In contrast to fluorescein, use of pyranene may significantly affect 
soil material. It may solubilize organic matter causing color quenching, and it is approximately 100 
times more costly on a unit basis. Dyes also are pH sensitive. Corey (1968) evaluated dyes for 
tracing water in acid soils. He suggests that acid dyes with multiple sulphate groups were best in 
acid soils pH 4 - 5.4. However, there are limitations in the application of his results to cranberry bog 
soils; no fluorescent dyes were used and the soils used had low organic matter levels (less than 
0.32%). Fluorescein is colorless below pH 4, whereas pyranene is colorless below pH 4.5. Salicylic 
acid will fluoresce down to pH 2.5, however, it is very dull at low pH. This limitation may be 
overcome by increasing the pH of the soil solution with (0.3 N) NaOH. 
Laboratory Methods 
Column experiments were carried out in the laboratory allowing control of experimental 
conditions and permitting sequential sampling. The first experiment (column I) was conducted in 
an artificial packed column using locally available materials. The other leaching experiments were 
carried out with actual bog soil obtained from a southeastern Massachusetts cranberry bog. 
Laboratory Packed Column Study 
A bench top column (column I) was constructed using soil material packed in layers that 
model typical cranberry bog soils. A rectangular column apparatus was constructed using 1.25-cm 
thick plexiglass plates (Figure A.l). The inner dimensions of the column were 9.5 x 1.0 x 40 cm 
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Figure A. 1. Ixaching column apparatus, showing KBr solution tank, peristaltic microprocessor 
pump, soil column, and fraction collector. 
Ill 
(width x depth x height). The front plate was held in place with screws, to allow easy removal of 
the plate for unobstructed observation. The bottom of the column had several weep holes to allow 
free drainage. The column was packed with alternating layers of peat and sand based on field 
observations of layering in commercial cranberry bogs. Listed in Table A.l is a description of a 
hand dug pit at the University of Massachusetts Cranberry Research Station cranberry bog in 
Wareham Massachusetts. The laboratory packed column was constructed in the configuration 
described in Table A.2. During packing, at 1 - 2 cm intervals of depth the soil material was washed 
down from the sides and tamped into place using a bent glass rod. Although some discontinuities 
in layer interfaces were observed on the front of the column, overall there appeared to be close 
contact between the different layers. Layers that consisted of mixtures of peat and sand were 
prepared on a wet weight-volume basis. In Table A.l however, they are expressed on a dry weight 
basis in . The reason for this, is that in the field, determinations of percent organic material in each 
horizon was based on wet weight volume. 
Sand used in these column studies came from a sand pit in North Amherst, MA. The sand 
had a medium texture with few fines and few medium mica grains. Sand is expressed on an air- 
dried basis. The peat used in these column studies was Canadian Sphagnum (Farfard Peat, 
Longmeadow, MA). It was soaked in tap water for one week prior to packing, and was maintained 
in a saturated state throughout the experimental period for subsequent column packings. Moisture 
content of the peat was determined for each column packing and was calculated after drying to a 
constant weight at 105°C. Physical characteristics of the peat were similar to those used in previous 
column studies conducted in our laboratory. Percent fiber in the peat ranged from 85% to 95%, 
classifying this peat as fibric using a manual wet sieving procedure with 0.1, 0.25, 0.5, 1 and 2-mm 
sieves (Boelter, 1969). The pH of the peat was 3.3 in 0.01M CaCl2. The cation exchange capacity 
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Table A.l. Abbreviated field description of a typical cranberry bog soil. The sequence of layers 
was simulated in column I. 
Depth (cm) Description 
0 - 0.6 organic roots and cranberry plant stems 
0.6 - 3.2 medium to coarse sand, few roots 
3.2 - 3.9 medium to coarse sand (90%), 10% roots 
3.9 - 5.2 medium to coarse sand 
5.2 - 6.5 dark reddish brown medium to coarse sand, 40-60% roots 
6.5 - 7.2 medium to coarse sand 
7.2 - 11.1 dark brown medium to coarse sand, 3-8% highly decomposed organic matter 
11.1 - 14.6 light brown medium to coarse sand 
14.6 - 15.9 dark brown medium to coarse sand, 3-8% highly decomposed organic matter 
15.9 - 22.2 gray brown medium to coarse sand, few light reddish brown and olive gray 
mottles 
22.2 - dark brown cranberry peat. 
Table A.2. Description of soil layers in packed column study (column I). 
Depth (cm) Description 
0 - 0.6 horticultural peat 
0.6 - 3.2 medium sand 
3.2 - 3.9 90% medium sand, 10% horticultural peat 
3.9 - 5.2 medium sand 
5.2 - 6.5 50% medium sand, 50% horticultural peat 
6.5 - 7.2 medium sand 
7.2 - 11.1 95% medium sand, 5% horticultural peat 
11.1 - 14.6 medium sand 
14.6 - 15.9 95% medium sand, 5% horticultural peat 
15.9 - 22.2 medium sand 
22.2 - 40.2 horticultural peat. 
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was greater than 150 cmol(+) kg'1 using the BaCl2 method (Peech et al; 1962). Organic matter was 
greater than 95% as determined by the loss-on-ignition method (Davies, 1974). 
Upon column completion, distilled H20 was leached through the column at a rate of 1 ml 
min'1 for 16 hours to assure the column was saturated, using a microprocessor pump (Model 
MCP2500, Haakebuchler Instruments Inc., Saddle River, NJ) (Figure A.l). The column was 
allowed to drain freely during leaching. After 16 hours application of H:0 was stopped and the 
column was allowed to equilibrate for 90 min or until dripping from the weep holes stopped. 
Fluorescein-Na2 dye at 100 mg l'1 was applied to the column at a rate of 1.26 ml min'1 (equivalent 
to 8 cm hr'1). The dye solution also contained 100 mg l'1 KBr which was used to measure water 
residency time. Eluent was collected using an automated fraction collector (Fractomette 200, 
Buchler, Fort Lee, NJ) in 20-ml screw cap test tubes. At 15, 30, 45, 60, 90 and 120 minutes after 
dye loading began, the flow was stopped and observable patterns of dye were traced on the 
plexiglass cover, by placing the entire column in a 30-watt longwave UV light box. Fluorescence 
was traced onto transparencies after the front cover was removed at 60, 90 and 120 minutes. In 
addition, photographs of the uncovered soil column were taken at 60 and 120 minutes. Bromide 
concentration was measured in the eluent using a bromide selective ion electrode (Fisher Scientific, 
Springfield, NJ). Breakthrough curves were developed for each column using equation A.l., where 
C0 is influent Br* concentration and Ce is effluent Br' concentration. 
% Breakthrough = —- • 100 (A.l) 
Field Column Study 
Several soil monoliths, 20 x 16 x 40 cm in size, were taken from Wankinko Big Bog located 
in Carver, Massachusetts. Monoliths were returned to the laboratory w here they w ere kept in cold 
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storage (4°C ± 2°C) until ready for use in the infiltration experiments. A plexiglass column was 
constructed with the dimensions of 4 x 12.5 x 30 cm leaving a 4-cm headspace on top of the 
monolith. Soil monoliths were trimmed to fit the plexiglass column in length and width using a 
sharp blade. Larger stems and roots were cut with scissors. The plexiglass column was then pressed 
over the monolith and turned upside down. The face of the column was tightly fit to the soil surface. 
Descriptions of soil columns II and III are presented in Tables A.3 and A.4, respectively. A 2.5-cm 
diameter by 0.5-mm thick fritted glass disk was placed in the center on the top of each column to 
facilitate distribution of influent and prevent dispersion of soil particles. Distilled H20 was applied 
to columns II and III at rates of 1 ml min'1 (1.2-cm hr'1) for 70 and 60 hours respectively. After this 
initial wetting period the columns were assumed to be at or above field capacity, but not completely 
saturated. It was noted that in both columns the lower 7.5-cm appeared to be saturated with free 
water observed in open pores along the soil/ plexiglass column interface. Columns II and III were 
allowed to equilibrate for 3 and 5 hours respectively, after loading with distilled H20 was stopped. 
After the equilibration period, KBr and fluorescein salt solution at concentrations of 100 mg l'1 was 
applied to each column through the fritted glass disk. Flow rates were set at 0.176 ml min'1 and 
0.0176 ml min'1 (5 cm day'1 and 5 mm day1) for columns II and III respectively. These flow rates 
are respectively 100 and 10 times the average flow rate for a single 2 to 3 hour chemigation event. 
Total amount a water applied with a single TCIN application is about 2800 to 5600 1 ha'1 (300 to 600 
gal acre'1) equivalent to 0.56 mm of water (J. Davenport, Oceanspray Inc. personal communication, 
1992). Application of solution to columns was continued until breakthrough was assured, this was 
7 days for column II and 14 days for column III. After loading of the columns ceased, the columns 
were viewed under longwave UV. Residency time was ascertained from bromide concentrations 
measured in the eluent. 
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Table A.3. Description of soil in field column II. 
Depth (cm) Description 
1 - 0 cranberry stems and leaf litter 
0 - 2 light reddish brown (2.5YR 6/4)(l) coarse sand, loose single grain, abrupt wavy 
boundary 
2 - 5 black (10YR 2/1) loose stems and roots, abrupt wavy boundary 
5 - 7.5 light olive brown (2.5 Y 5/3) coarse sand, loose single grain, few fine roots, abrupt 
smooth boundary 
7.5 - 10.5 black (10YR 2/1) fibric cranberry peat, loose, many fine roots, abrupt smooth 
boundary 
10.5 - 11.5 grayish brown (2.5Y 5/2) coarse sand, loose single grain, few fine and medium 
roots, abrupt wavy boundary 
11.5 - 12.5 very dark gray (10YR 3/1) hemic cranberry peat, loose, few medium roots, abrupt 
smooth boundary 
12.5 - 15 grayish brown (2.5Y 5/2) coarse sand, loose single grain, few medium roots, 
abrupt smooth boundary, few black (10YR 2/1) concentrations of peat 
15 - 16 very dark gray (10YR 3/1) hemic cranberry peat, loose, few medium roots, abrupt 
wavy boundary 
16 - 17.5 dark grayish brown (2.5Y 4/2) coarse sand, loose single grain, few fine roots, 
abrupt smooth boundary 
17.5 - 19 very dark gray (10YR 3/1) sapric cranberry peat, loose, abrupt smooth boundary 
19 - 19.5 dark grayish brown (2.5Y 4/2) coarse sand, loose single grain, abrupt smooth 
boundary 
19.5 - 20 very dark gray (10YR 3/1) sapric cranberry peat, loose, abrupt smooth boundary 
20 - 21.5 dark grayish brown (2.5Y 4/2) coarse sand, loose single grain, abrupt smooth 
boundary 
21.5 - 26 very dark gray (10YR 3/1) sapric cranberry peat, loose, abrupt smooth boundary 
26 - 27.5 dark grayish brown (2.5Y 4/1) coarse sand, loose single grain 
(1) Soil color notation according to the Munsell Color System. 
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Table A.4. Description of soil in field column III. 
Depth (cm) Description 
5 - 4.5 light reddish brown (2.5YR 6/4) coarse sand, loose single grain 
4.5 - 0 loose cranberry stems and leaf litter, smooth abrupt boundary 
0 - 1.5 light olive brown (2.5YR 5/3) coarse sand, loose single grain, abrupt smooth 
boundary 
1.5 - 4.5 very dark grayish brown (10YR 3/2) loose fibric cranberry peat, 3-5% roots, 
abrupt smooth boundary 
4.5 - 6 light gray (2.5Y 7/1) coarse sand, loose single grain, few fine roots, abrupt smooth 
boundary 
6 - 6.5 dark brown (10YR 3/3) fibric cranberry peat, loose, 3-5% fine roots, abrupt 
smooth boundary 
6.5 - 9 light gray (2.5Y 7/2) coarse sand, loose single grain, 1-3% fine and medium roots, 
abrupt smooth boundary 
9 - 9.5 dark brown (10YR 3/3) fibric cranberry peat, loose, abrupt smooth boundary 
9.5 - 11.5 light gray (2.5Y 7/2) coarse sand, loose single grain, < 1% roots, abrupt smooth 
boundary 
11.5 - 12.5 dark brown (10YR 3/3) fibric cranberry peat, loose, abrupt smooth boundary 
12.5 - 14 light gray (2.5Y 7/1) medium to coarse sand, loose single grain, < 1% roots, 
abrupt smooth boundary 
14 - 15 very dark brown (7.5YR 2.5/3) medium to coarse sand, loose single grain 
Results and Discussion 
Water movement through the laboratory-packed column I was observable in the sand layers 
to a depth of 23 cm. However, fluorescence in the peat layers was difficult to observe. Even after 
spraying the uncovered soil surface with 0.3 N NaOH, which was expected to increase fluorescence, 
no additional fluorescence was observable in the layers high in peat. It is possible that the 
fluorescein was strongly absorbed to the peat resulting in reduced visibility. Figures A.2 and A.3 
illustrate the progression of water flow in column I as indicated by the fluorescence. These lines 
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Figure A.2. Profile of fluorescein movement in laboratory-packed column I from 15 to 45 minutes. 
a. Fluorescein position after 15 minutes. 
b. Fluorescein position after 30 minutes. 
c. Fluorescein position after 45 minutes. 
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Figure A.3. Profile of fluorescein movement in laboratory-packed column I from 60 to 120 minutes. 
d. Fluorescein position after 60 minutes. 
e. Fluorescein position after 90 minutes. 
f. Fluorescein position after 120 minutes. 
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of progression suggest that flow is predominantly vertical. If horizontal flow was the predominant 
flow mechanism, fluorescence would be observed covering the layers from edge to edge. However, 
this did not appear to take place. Vertical flow in the column is consistent with expected flow 
patterns in unsaturated soil. Residency time plots (Figure A.4) reveal that based on bromide 
measurements in the eluent 50% breakthrough (t1/2) occurred after approximately 120 minutes at an 
application rate of 8 cm hour'1, and 100% breakthrough in 190 minutes.. 
The breakthrough calculations confirm the actual flow patterns observed in column I and 
agree with the observation that flow in the column was predominantly vertical. The shape of the 
breakthrough curve suggests that flow was predominantly uniform. The lack of smoothness of the 
curve between 50 to 100 minutes may have resulted from the lack of sufficient numbers of sampling 
points. Columns II and III had many more data points taken to alleviate the lack of smoothness. 
Column II was made from a soil monolith taken from and actual bog and loaded at a rate 
of 5 cm per day. The column depth was 27.5 cm. The t1/2 for bromide breakthrough occurred after 
21 hours (Figure A.5) with 100% breakthrough at 160 hours. The shape of the breakthrough curve 
shows a gradual increase in bromide concentration, suggesting significant short circuiting. Based 
on column length the 100% breakthrough per cm of column was 350 minutes cm1. This is in 
contrast to the artificially packed column I, 40-cm in length, where breakthrough was observed at 
5 min cm1. Column III loaded at 0.5 cm day1, had t1/2 breakthrough after 150 hours (Figure A.6) 
and 100% breakthrough in 230 hours. Based on the 15-cm length of column III, 100% breakthrough 
occurred at 920 min cm'1. Again the field packed column III also exhibited short circuiting similar 
to column II. 
These short circuiting phenomena perhaps may be related to the pore size distribution in the 
various columns. Although porosities were not measured in any of the columns, it is known that 
bogs soils have low total porosity. Unlike to laboratory-packed column I, which was loose in 
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Figure A.4. Bromide breakthrough curve for laboratory-packed column I. 
Application rate is 8 cm hour'1. 
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Figure A.5. Bromide breakthrough curve for column II packed with natural 
bog soil. Column length is 27.5 cm. Application rate is 5 cm day'1. 
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Figure A.6. Bromide breakthrough curve for column III packed with natural 
bog soil. Column length is 15 cm. Application rate is 0.5 cm day'1. 
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consistency, columns II and III had many more fines in the organic layers resulting in lower 
conductivity. In addition, the method of packing of the columns may have lent itself to some short 
circuiting along wall faces. Classical conductivity testing procedures, where circular soil cores 
collected in situ are used instead of monoliths encases in plastic, would not have allowed visual 
inspection of flow patterns. However, it may have been a better method for quantitatively measuring 
flow patterns. 
Bromide breakthrough as a function of column length and loading rates is pictured in Figure 
A.7. The experimental results indicate shorter residency times at higher loading rates as was 
expected. This is likely due to short circuiting in the columns. Based on this figure prediction of 
breakthrough at loading rates less than 5 mm per day would exceed 920 min cm'1. In the columns 
packed with natural bog soil, fluorescein was not observed below the first 1 cm of column depth. 
This is due to the apparent strong absorbance of the dye by the peat and also because of the lower 
flow rates that resulted in lower total amounts of fluorescein in columns II and III. 
Conclusions 
Flow patterns observed in the laboratory packed column I suggest uniform flow, 
predominantly in the vertical direction. However, the inability to observe the dye in the natural 
columns, precludes the same conclusion for field situations. More importantly, the results from the 
bromide breakthrough curves suggest a decrease in the ratio of observed residency time 
breakthrough to theoretical residence time with increasing loading rate. Loading rates 10 and 100 
times the average application rates, result in residency times of 21 and 7 days, respectively, for a 
30-cm soil column. At actual loading rates of 0.5 mm per event, residency time would be 
significantly longer that 21 days. In addition, it is hypothesized that non-polar solutes applied to the 
field will move more slowly than the conservative solutes due to sorption phenomena. The 
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fluorescein dye used in field column studies did not produce results useful to establishing flow paths. 
Unlike mineral soils, natural peat soils require use of different dyes to visualize water flow paths. 
Considering the strong binding potential of organic soils, where log values for compounds such 
as TCIN are 3 to 4, our concern regarding pollutant movement in these soils may be allayed as 
reflected in the strong sorption of the fluorescein dye. In addition, spray adjuvants enhance 
adherence to the plant and reduce the amount of active ingredient reaching the soil surface. These 
findings, and actual cultural practices, suggest alternative pathways for contamination of surface 
waters around cranberry bogs. The application of pesticides, including TCIN, to cranberry bogs is 
made through irrigation, helicopter or through manual spraying. It is possible that contaminant 
transport may take place via mobile compounds in the soil solution (soluble organic acids) or as 
airborne spray drift to surface waters. Further research should address the degree to which TCIN 
binds with these organic acids typically found in cranberry bogs. Binding coefficients and rate 
constants for binding would be useful in predicting the amount of material retained by mobile 
compounds in the soil. In addition, binding constants relating dissolved organic carbon and organic 
acids, including humic and ftilvic acids, typically found in water surrounding the bogs, could be used 
to predict contaminant levels that may be released into surrounding surface waters. These research 
results would be useful for prediction of the environmental fate of TCIN. 
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